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Abstract 
LONG-TERM WARMING SHIFTS THE SIZE AND PHENOLOGY OF LONG ISLAND SOUND 
ZOOPLANKTON 
By 
EDWARD JAMES RICE IV 
 
Adviser: Prof. Gillian Stewart 
In coastal ecosystems with decades of eutrophication and other anthropogenic stressors, the 
impact of climate change on planktonic communities can be difficult to detect. A time-series of monthly 
surface water temperatures in the Central Basin of Long Island Sound (LIS) from the late 1940s until 
2012 indicates a warming rate of 0.03°C yr-1, with recent summer temperatures increasing most 
consistently.  During this warming trend, the proportion of chlorophyll produced by smaller phytoplankton 
and flagellates appears to be higher during warmer summer and fall months, enabling an increase in 
annual chlorophyll despite static nutrient levels. The phenology of phytoplankton and zooplankton 
abundance also appears to have shifted.  
Relative to the 1950s, winter and spring chlorophyll blooms are reduced, summer and fall 
zooplankton size has decreased, the proportion of small zooplankton has increased, and summer 
zooplankton abundance is reduced.  These changes have occurred despite a lack of evidence for 
increasing gelatinous zooplankton abundance, which has been suggested as a causal mechanism for 
reduced summer copepod abundance and enhanced summer/fall phytoplankton abundance in other 
systems that have experienced long-term warming.  These changes confirm general predictions for the 
direct impacts of climate change on aquatic communities, but also highlight the important of indirect 
impacts due to altered trophic dynamics. 
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Introduction: 
  
The summary for policy makers of the twelfth session of the Intergovernmental Panel on Climate 
Change (IPCC) recently reported that the three decades between 1983 and 2012 were likely the warmest 
of the past 1400 years (2013).  An ensemble of 13 global climate models (GCMs) has also indicated that 
by 1970-1980, solar and anthropogenic forcing of global temperatures via greenhouse gas emissions 
increased global temperatures at the rate of 0.03°C y-1 (Meehl et al.,2004). By 1990-2000, the increase in 
global temperatures was also due almost entirely to anthropogenic emissions of greenhouse gases 
(GHG:CO2, CH4, N2O) (Meehl et al., 2004). Although changes in temperature and GHG concentrations of 
similar or greater magnitude have occurred throughout geologic history, the current rate of change is 
unprecedented (Khatiwala et al., 2009). 
 On regional scales, such long-term changes in climate may also reflect decadal-scale natural 
variation. Wei and Lohman (2012) have argued that variation in North Atlantic sea surface temperatures 
(SST) is driven largely by internal variability in the Atlantic Multi-decadal Oscillation (AMO) – a natural 
inter-decadal cycle associated with changes in oceanic thermohaline circulation (Knight et al., 2005).  
However, the latest GCM analysis by Booth et al. (2012) has shown that 66% of the variation in North 
Atlantic SSTs between 1850 and 2000 can be explained by anthropogenic aerosol particles (which were 
not accurately captured by earlier GCMs).  The interaction between naturally-occurring long-term climate 
variation and anthropogenic-induced long-term climate change is also apparent on a seasonal basis. 
Cohen et al. (2012) have found that since 1990, significant warming over Northern hemisphere 
landmasses occurred for all seasons but winter, and the fall warming rate was highest (0.5°C y-1 versus 
0.4°C y-1 for spring and summer).  The lack of recent winter-warming reflects the end of a multi-decadal 
positive phase of the North Atlantic Oscillation (NAO) – which can cause warmer winters along the east 
coast of North America (Cohen et al., 2012).  
Although the rise in coastal sea surface temperatures is mostly due to absorption by the oceans 
of the increasing heat within the boundary layer of the atmosphere, the increase has not been consistent 
world-wide (Levitus et al., 2009). Since 1948, the mean global upper (0-300m) ocean temperature has 
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increased 0.31°C, but the North Atlantic has increased 0.37°C (Levitus et al., 2000). Recent evidence 
indicates this discrepancy is due to enhanced heat transport between the Indian and Atlantic Oceans, 
allowing the Atlantic Ocean basin to warm at a faster rate than any other ocean basin (Lee et al., 2011). 
The difference between annual minimum and annual maximum temperatures (seasonality) of coastal 
water temperatures also appears to be increasing. Baumann and Doherty (2013) examined a world-wide 
1982-2012 dataset of 1° x 1° coastal cells and found that in three-quarters of them, seasonality was 
increasing.  Increases were strongest along the North Atlantic coast of North America (latitude 42° and 
above) and weakest along the coast of South America (Baumann and Doherty, 2013).  
Coastal environments and ecosystems are particularly vulnerable to rising temperatures for 
several reasons. Thermal expansion of warming oceans increases the rate of sea level rise (currently at 
2.0 mm-y-1) – which in turn decreases wetland area, increases the impact of catastrophic storm surges 
and expands areas of sediment accumulation (Rabalais et al., 2009). Coastal systems are also already 
stressed by other anthropogenic influences, such as excess nutrients (eutrophication), hypoxia, chemical 
pollutants and habitat alteration (Marcus, 2004). Coastal reefs are further stressed by rising CO2 
concentrations, which increase acidity and alter the biogeochemistry of carbon dioxide fixation and 
formation of calcium carbonate (CaCO3) - an essential component of coralline algae, reef-building 
scleractinian corals and shell-forming planktonic and non-planktonic marine organisms (Harley et al., 
2006). Since some important organisms of the intertidal zone (a key coastal region) tend to live near the 
edge of their thermal tolerance - despite being adapted to large variations in temperature, salinity and 
dissolved oxygen – a small increase in temperature can exceed their physiological limits (Godbold and 
Solan, 2013).  
Over the long-term, even small variations in temperature can be significant. This is because 
temperature is a key environmental factor in the life cycle of organisms, populations, communities, and 
ecosystems (Huntley and Lopez, 1992; Enquist et al., 2003). Most variation in organismal metabolism 
(respiration, growth rate, digestion, etc.) can be determined by body size and temperature alone (West et 
al., 2002). Populations will also shift in distribution if their temperature thresholds are exceeded or if the 
timing of their major life history events (phenology) is no longer in accordance with their regional or local 
3 
 
climate (Parmesan, 2006). Important community biogeochemical rates such as respiration, carbon fixation, 
and photosynthesis also increase with temperature (Hughes, 2000). Changes in these rates, increased 
immigration of species better adapted to higher temperatures, and extinction of species unable to adapt 
to higher temperatures can cause significant changes in communities and ecosystems undergoing 
warming (Walther et al., 2002).   
One example of an ecosystem and community of organisms highly responsive to seasonal 
temperature changes is the plankton of the open and coastal ocean (Hays et al., 2005). Plankton can be 
classified on the basis of life history as holoplankton (that spend their entire life in the plankton) or 
meroplankton (temporary larval residents) (Katsanevakis and Verriopoulos, 2006). They can also be 
classified on the basis of their trophic status as phytoplankton (single-celled autotrophs) or zooplankton 
(single and multicellular heterotrophs) (Longhurst, 1995). As autotrophs, intrinisic phytoplankton growth 
rates depend on temperature, the availability of light, and sufficient quantities of macro and micronutrients 
(Riley, 1967)). 
An important group of multicellular zooplankton is the copepods, a type of crustacean that 
typically comprise between 50-80% of the zooplankton community (by number). In the Atlantic coastal 
environment, copepods from three orders are the most common: calanoid, cyclopoid, and harpacticoid 
(Johnson and Allen, 2005). Copepods are generally omnivorous, consuming phytoplankton or 
microzooplankton, other copepods, or copepod nauplii (including their own) when the latter are locally 
more abundant (Lonsdale et al., 1996).  As ectotherms, temperature has a strong effect. Huntley and 
Lopez (1992) demonstrated a strong temperature-dependence in copepod growth rates; 90% of the 
variation in copepod growth was explained by temperature alone. Since copepod generation times are on 
the order of weeks to months (in temperate regions), they can also be especially sensitive to shifts in 
climate.  For example, Hoof and Peterson (2006) have shown that El Nino induced warming of surface 
waters outside of San Francisco Bay resulted in increased species richness of copepods despite lower 
overall copepod biomass.   
Although all copepod zooplankton are heterotrophic, some phytoplankton (such as the 
dinoflagellates Prorocentrum and Noctiluca) are mixotrophic and thus able to switch between autotrophy 
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and heterotrophy, depending on environmental conditions (Hammer and Pitchford, 2005). Such flexibility 
is part of the reason that the nature and direction of trophic relationships within the plankton are still 
debated (Daskalov, 2002; Irigoien, et al., 2004). However, during a long-term change in environmental 
conditions in the North Atlantic, Richardson and Schoeman (2004) found that temperature-driven 
changes in phytoplankton abundance appeared to drive changes in zooplankton abundance. Daufresne 
et al. (2009) also examined the impact of increasing temperature on a plankton community and found that 
higher temperatures favored a shift towards smaller individual copepods and smaller species of algae. 
Morán et al. (2009) found that the contribution of cyanobacteria and small flagellates to phytoplankton 
biomass was due mostly to temperature variation, independent of nutrients and stratification. Hilligsøe et 
al. (2011) examined phytoplankton pigment, nutrient, and environmental data from all major ocean basins 
and found that temperature was more important than nutrient availability in determining phytoplankton 
community structure. Together these results suggest that a long-term temperature increase may shift a 
phytoplankton community towards flagellates and smaller smells, independent of nutrient changes. 
During the 1958-2002 North Atlantic warming trend, different plankton groups also appeared to 
respond to changing temperature in different ways. Edwards and Richardson (2004) examined 45 years 
of plankton abundance and diversity data for the central North Sea and found significant differences in the 
phenological response of both phytoplankton and zooplankton to warming.  Earlier peaks in abundance 
only occurred in zooplankton and phytoplankton that tended to peak during summer. If zooplankton or 
phytoplankton peaked in spring and autumn, their peak in abundance did not advance. Edwards and 
Richardson, (2004) also noted the largest advances in phenology (a shift forward of 27 days) occurred in 
plankton with the most temperature-dependent life histories - such as benthic larvae.  This advance in 
was more than twice that of other zooplankton. Winter and spring copepods and light-limited diatoms did 
not appear to advance in phenology - Edwards and Richardson (2004) suggested this could lead to 
decoupling between primary producers and consumers in the plankton community of temperate zones. 
In temperate environments, the phenology of primary production by phytoplankton tends to be 
bimodal (Kremer, 1994).  Abundance peaks twice a year, once in late winter and again in fall for open 
coasts, and during spring and late summer for enclosed coasts (Cebrián and Valiela, 1999). Late summer 
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and fall blooms are stimulated by decreased grazing and/or increased nutrient availability due to a 
breakdown of stratification and mixing of surface waters with more nutrient-rich, deeper waters (Riley, 
1967). Late winter/spring blooms are controlled by light availability, temperature, nutrients, initial 
phytoplankton abundance and stratification (Longhurst, 1995). Stratification depends on water column 
stability, which can also be influenced by local wind strength/direction, and freshwater inputs from 
precipitation changes (Lee and Lwiza, 2008). Modeling analysis and observational data from 1974 to 
2003 indicated that for a coastal region of the North Sea, the Marr Bank, timing of both the onset of 
stratification and the spring phytoplankton bloom was largely determined by spring air temperature, with 
higher spring temperatures resulting in earlier stratification and spring blooms (Sharples et al., 2006). 
Warming during spring may also cause changes in phytoplankton blooms via alterations to predator 
phenology. In coastal Rhode Island, earlier peak abundance of the ctenophore Mnemiopsis (a type of 
gelatinous zooplankton), appeared to increase their grazing impact on spring and summer copepod 
populations, reducing copepod abundance and potentially enhancing summer and fall phytoplankton 
blooms via trophic cascade (Oviatt, 2004). 
As Edward and Richardson (2004) have demonstrated, understanding the potential impact of 
warming temperatures on a coastal ecosystem thus requires an understanding of the seasonality of 
warming, the long-term dynamics of the plankton community, and the relationships between temperature 
and key taxa within the plankton. One system which has a long-term record of key environmental 
parameters and several interannual surveys of plankton is Long Island Sound (LIS), an enclosed 
estuarine coastal system located in the temperate region of the North Atlantic. The surface waters of the 
Central Basin of LIS have also been warming at a rate of 0.03 °C y-1 since 1975 (Rice and Stewart, 2013) 
and interannual variation in the plankton has been surveyed during 1938-39 by Riley (1941), during 1952-
54 by Riley et al.(1956), during 1992-1995 by Capriulo et al., (2002) and during 2002-4, 2007-8, and 2012 
by the Connecticut Department of Energy and Environmental Protection (CTDEEP). 
The Riley et al. (1956) survey addressed numerous parameters affecting the LIS aquatic foodweb 
including; the chemical oceanography (Riley and Conover, 1956), phytoplankton (Conover, S.A.M., 1956, 
Harris and Riley, 1956), zooplankton (Deevey, 1956, Conover, R.J., 1956), fish eggs and larvae 
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(Wheatland, 1956), primary production (Riley, 1956), and physical oceanography (Riley, 1956).  The Riley 
et al. (1956) survey noted that like most estuarine systems, primary and secondary production (mainly in 
the form of copepods) was much higher in LIS than adjacent coastal systems, but diversity was lower. 
The phytoplankton of LIS appeared to be nitrogen-limited, especially between the larger spring bloom and 
the typically smaller late summer blooms (which were controlled by light availability and water column 
stability, respectively) (Conover, S.A.M., 1956). Conover (1956) also noted that the phytoplankton of the 
Central Basin of LIS were diatom-dominated. Diatoms in particular were dominant during winter, spring, 
and occasionally early summer (July), with the chain-forming Skelotonema costatum reaching millions of 
cells l-1 and outnumbering all other diatoms during these periods. 
The zooplankton of the Central basin of LIS reached maximal numbers in late spring and late 
summer during the Riley et al. (1956) surveys, with peaks dominated respectively by the winter-spring 
copepod Acartia hudsonica and the summer-fall copepod Acartia tonsa (Deevey, 1956). Deevey (1956), 
also noted that overall, Acartia hudsonica appeared to dominate the copepods, and hence, the 
zooplankton community on an annual basis. Calanoid genera were more numerous than cyclopid and 
harpacticoid genera as well. Bivalve veligers and polychaete larvae were the next most-important non-
copepod zooplankton recorded in LIS by Deevey (1956), but at peak abundance they were still less than 
half as numerous as the copepods (which reached 61 x 103 individuals l-1 in June 1953 and May 1954).  
Deevey (1956) thus surmised that since copepods in LIS were orders of magnitude more abundant 
relative to nearby Block Island Sound and the Georges Bank, they must be the reason LIS served as a 
key feeding zone for larval and planktivorous adult fish.  
The Capriulo et al. (2002) survey also measured copepod zooplankton and planktivorous larval 
fish in the Central Basin, but was longer in duration (3 yrs, 1992-1995).  Capriulo et al. (2002) also had a 
station in the Western and Eastern Basins, making their survey more extensive than the Riley et al. (1956) 
survey. One of the main findings of the Capriulo et al. (2002) survey was that copepod biomass in LIS 
was positively correlated with total chlorophyll and chlorophyll >20 µm fraction (spatially and on a 
seasonal basis). Copepod abundance was significantly lower in the Eastern Basin relative to the Western 
7 
 
and Central Basins. Western and Central Basin copepod abundance and biomass were not significantly 
different from each other, despite slightly higher chlorophyll in the Western Basin (Capriulo et al., 2002).  
Capriulo et al. (2002) also addressed more parameters [microzooplankton, bacterial 
concentrations, chlorophyll pigment analysis, biologically active silicate (BSi), dissolved organic nitrogen 
(DON), and particulate organic nitrogen (PON)] in their survey. Capriulo et al. (2002) estimated that 
microzooplankton in LIS removed up to 41% of the standing crop of primary production per day, similar to 
the amount Riley (1956) calculated (43%) (based on the fraction left after copepod and benthic fauna 
grazing were considered).  Capriulo et al. (2002) further noted that microzooplankton in LIS were a key 
link between smaller cells and copepods, especially during summer, when smaller cells represented a 
larger proportion of the phytoplankton community.  
During summer in both the Riley and Conover (1956) and Capriulo et al. (2002) surveys, 
inorganic nitrate and phosphate were near or below the detection limit of ∼0.1 μM. Capriulo et al. (2002) 
also found low inorganic nitrogen-phosphate ratios (9:1) during midwinter that were similar to those 
reported by Riley and Conover (1956) for midwinter in 1953 (8:1). Capriulo et al. (2002) also measured 
organic nitrogen and calculated Redfield ratios based on total dissolved nitrogen (TDN) (including organic 
nitrogen forms). N:P ratios based on total dissolved nitrogen throughout most the year were well above 
the Redfield ratio of 16:1 and ranged from 32:1 to 22:1 in the Western Basin, 38:1 to 21:1 in the Central 
Basin, and 25:1 to 22:1 in the Eastern Basin.  The only consistent exceptions were during summer 
months, when TDN:P ratios were between 7.5-12.6. Since Riley and Conover (1956) did not measure 
organic forms of nitrogen, they extrapolated that the Central Basin of LIS was generally nitrogen-limited, 
but Capriulo et al. (2002) found that nutrient ratios based on TDN indicated nitrogen limitation was more 
of a seasonal occurrence than a consistent feature of the system. 
For eutrophic, coastal environments, Redfield ratios based on all sources of nitrogen (not just 
inorganic) are more likely to yield an accurate estimate of whether nutrient limitation exists or not. This is 
because several diatom species common to coastal, eutrophic environments (Skeletonema costatum, 
Asterionella japonica, Nitzschia closterium, Coscinodiscus sp., and Fragilaria sp.) are capable of using 
organic sources of nitrogen for growth (Fisher and Cowdell, 1982). All of these species, except Fragilaria 
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sp., were found routinely in the Central Basin of LIS by Conover (S.A.M., 1956) and Capriulo et al. (2002). 
Capriulo et al. (2002) also measured bioavailable silicate and noted that only during summer did 
bioavailable silicate reach levels that could limit diatom growth. Capriulo et al. (2002) also noted that 
since nitrogen levels are affected by anthropogenic activity, while silicate levels are generally a function of 
weathering rates, possible changes to nitrogen-silicate ratios may have occurred since 1952-4.  
In this analysis, we used environmental and plankton data from the Riley et al. (1956) surveys 
and others to determine if a signal of climate change is apparent in the LIS plankton community. We have 
focused on the Central Basin, since this allows comparison with the largest number of prior surveys. In 
the first chapter we examine the potential impact of a temperature increase on phytoplankton biomass (as 
approximated by chlorophyll concentration). To accomplish this we modeled the interannual response of 
the phytoplankton community to increasing temperature and compare the phenology of phytoplankton 
production from before and after the beginning of the 1975-2012 warming trend.  In the second chapter, 
we focus on differences in copepod diversity and size between surveys conducted in 1952-4 and 2010-11.  
Specifically we test whether observed changes between these time periods correspond to 
predictions for the impact of increasing temperature on copepods, such as a reduction in mean size of 
copepods (Huntley and Lopez, 1992) and a shift towards greater dominance of the copepod community 
by small copepod species (Daufresne et al., 2009).  In the third chapter we address the impact of 
consistently higher summer temperatures on seasonal patterns of copepod abundance.  We use linear 
models of interannual copepod abundance during summer to identify important environmental factors, 
determine if those factors have changed, and test whether increased grazing rates by ctenophores can 
explain long-term differences in summer copepod abundance. 
 This work was done to identify whether long-term warming in a eutrophic estuarine plankton 
community will cause significant changes in community size, structure, or abundance.  This work has 
required analysis of biological and environmental data, from both historical and modern surveys.  
Previous LIS surveys and research by Capriulo et al. (2002) and Goebel et al. (2006) have referenced the 
earlier Riley et al. (1956) work to establish the canonical view of LIS as a system dominated by winter-
spring phytoplankton production and relatively large calanoid copepods.  
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To our knowledge, no other researchers have challenged this orthodoxy.  We have attempted to 
investigate whether this classic pattern of primary and secondary production still holds by statistically 
integrating the Riley et al. (1956) data with prior surveys by Riley (1941), later surveys by Vishniac and 
Riley (1961), Carlson (1978), Peterson (1985), and the modern surveys by CT DEEP. Pooling the data in 
this manner has enabled us to determine the limits of natural interannual variation, and distinguish 
whether observed changes exceed this range and may be due to climate change. We have attempted to 
normalize the data as much as possible, including replication of the mesh size and location of the 
zooplankton survey by Deevey (1956) during the Riley et al. (1956) survey.  However, it is possible that 
we have not adequately captured the range of natural interannual variation.  Future surveys will hopefully 
address this shortcoming by adding a smaller mesh size (150µm) net to their collection methods. 
To further determine if temperature is a potential cause of observed changes in the plankton 
community, we have used the greater amount of environmental data in the CT DEEP record to model the 
response of plankton and zooplankton communities to increasing temperature. This approach appears to 
be a novel one for investigating climate change in eutrophic coastal systems and has enabled us to test 
whether theories and observations for the impact of increasing temperature on aquatic ecosystems can 
be applied to a eutrophic estuary.  The results should be of use to researchers investigating other coastal 
systems experiencing long-term warming trends. 
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Chapter 1: 
Analysis of inter-decadal trends in chlorophyll and temperature in the Central Basin of Long Island Sound 
Abstract  
Few coastal systems have time series data that allow researchers to examine the impact of two 
important stressors on estuarine ecosystems: climate change and eutrophication.  The Central Basin of 
Long Island Sound (LIS), between New York and Connecticut is one such system. LIS has seen annual 
average surface temperatures increase at a rate of 0.03°C/yr since 1976, with increases most 
pronounced during summer and early fall. Over the past 15 years, annual stratification (difference 
between mean annual surface and bottom temperatures) has also increased at the same rate. Despite 
expansion of waste-water treatment and declining point-source nutrient input, LIS remains eutrophic. An 
increase towards historic mean annual chlorophyll concentration has occurred since a minimum in the 
early 1990s, driven in part by higher fall chlorophyll values. There is also an apparent shift in the 
seasonality of phytoplankton blooms, with increased fall chlorophyll peaks and reduced early spring 
peaks relative to the 1950s.  Non-metric Multidimensional Scaling (NMDS) analysis of phytoplankton 
communities from fall and summer 2002-8 indicated that cyanobacteria and flagellates are associated 
with higher amounts of chlorophyll at higher temperatures during these two seasons. These results 
suggest that as surface temperatures continue to increase, smaller cells and flagellates may maintain 
chlorophyll values at higher levels despite decreased or static surface nutrient concentrations in this 
system. 
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Introduction  
A common paradigm for understanding the impact of climate change, based on observations of 
the tropical ocean, is that higher surface ocean temperatures will reduce productivity via increased 
stratification and nutrient limitation (Behrenfeld et al., 2006). However, the interaction between 
temperature, nutrients and productivity in coastal systems is not necessarily constrained by this paradigm 
(e.g. Richardson and Schoeman, 2004). Instead, temperature changes can result in a changing 
phytoplankton community, which in turn utilize nutrients differently. For example, Morán et al. (2009) 
predicts that as the North Atlantic warms, picoplankton can be expected to become more dominant, 
independent of nutrient availability and stratification. Hilligsøe et al. (2011) also found that temperature 
exerted a more significant effect than nutrient availability on interannual variation in phytoplankton 
community structure at open ocean stations. This group also found that smaller phytoplankton groups 
dominated at higher temperatures.  
For 28 coastal systems over 3 to 4 decades, Carstensen et al. (2011) found the ratio of 
chlorophyll (Chl a) concentration to total nitrogen (TN) in the water column was increasing with time. 
While the relationship between nutrients and phytoplankton biomass was complicated by other factors 
such as light availability, other limiting nutrients, and hydrodynamic and community differences, the only 
consistent trend across all systems was a near-doubling of the Chl a/TN ratio. Carstensen et al. (2011) 
suggested that this doubling was due to shifts in phytoplankton communities, as a result of climate 
change or anthropogenic impacts. The implication of these studies is that climate change could promote a 
community shift toward smaller phytoplankton with higher nutrient utilization efficiency, frustrating efforts 
by managers to decrease eutrophication by limiting nitrogen input. To understand Chl a trends in warming 
coastal systems, studying the impact of reducing nutrient levels alone may be insufficient. Changes in 
community structure should also be included. This paper will examine the interaction of temperature, 
community structure, and Chl a levels in a major estuarine system, Long Island Sound (LIS), which is 
influenced by eutrophication and undergoing warming.  
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LIS is a semi-enclosed, partially-mixed estuary with Western, Central, and Eastern basins (Fig. 1). 
The Central Basin of LIS was not included in the Carstensen et al. (2011) review, but is undergoing a 
long-term warming trend while managers strive to reduce point-source nutrient inputs and control 
summertime hypoxia - a persistent phenomenon in the Western and Central Basins. Geostrophic forces, 
semidiurnal tidal currents and complex bathymetry result in weak but distinct gyres in the Western and 
Central Basins - increasing residence time of nutrients and organic matter in these basins (Schimmel et 
al., 1999). Despite these gyres and freshwater inputs entering the northern shore in each basin, salinity 
gradient decreases from 35 in the east to 23 in the west (Schimmel et al., 1999). An opposite trend 
occurs with productivity, which increases from 32 ± 14 mol O2 m-2 yr-1 in the east to 82 ± 25 mol O2 m-2 yr-1 
in the west (Goebel et al., 2006). The Western and Central Basin of LIS continue to experience periods of 
eutrophication and hypoxia. Unlike eutrophication, hypoxia is primarily a seasonal phenomenon e but also 
influenced by a number of factors. During fall, winter, and spring, dissolved oxygen concentrations are 
primarily determined by water temperature and stratification. During summer, wind stress, the size of the 
previous spring bloom, nutrients, and river discharge appear to be more important factors in predicting 
hypoxia extent and intensity (Lee and Lwiza, 2008).  
To quantify and understand extensive summertime hypoxia, the Connecticut Department of 
Energy and Environmental Protection (CT DEEP) has been conducting surveys of surface and bottom 
temperature, salinity, dissolved oxygen (DO), total suspended solids, major nutrients and Chl a in LIS 
since 1991 (http://www.depdata.ct.gov/maps/lis/liswqmap.htm). Seventeen stations are typically visited 
monthly. During summer months, an additional 31 stations are visited bi-weekly and only CTD-based 
measurements are taken (i.e “hypoxia surveys”). The Millstone Power Station Environmental Laboratory 
has been keeping temperature records for the Eastern Basin of LIS since 1976 (DNC, 2010). The 
National Oceanic and Atmospheric Administration (NOAA) laboratory at Milford, CT has been keeping 
temperature records from Milford Harbor, in the Central Basin of LIS, since 1948. Several additional 
smaller scale surveys are described in Table 1.  
The goal of this paper is to examine recent trends in LIS Central Basin Chl a in the context of 
climate change and nutrient reduction via expansion of secondary wastewater treatment. Earlier historic 
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surveys from the 1930s, 1950s, and 1980s are referenced for context. Surface salinity, dissolved oxygen, 
photosynthetically available radiation (PAR), temperature, nutrient, Chl a and pigment data from the CT 
DEEP survey are analyzed with linear trend analysis and non-linear non-metric multidimensional scaling 
(NMDS). These analyses highlight possible relationships between warming temperatures, Chl a and 
community structure in the Central Basin of LIS. 
Methods 
Surveys 
To establish the historical context for the trend analysis of physical and biological parameters of 
LIS, previous surveys of the Central Basin (Fig. 1) were obtained from archival and published sources. 
Temporal coverage of the Riley (1941), Riley and Conover (1956), Vishniac and Riley (1961), and 
Peterson (1985) surveys was annual and varied in intensity, scope, and specific location, but these 
studies provide the only baseline data to compare to current trends (Table 1). Although highly relevant 
and informative, we did not include the data from Capriulo et al. (2002) in our analysis since the time 
range (1993-1995) is contemporaneous with the longer CT DEEP (1991-2010) dataset. The earliest 
survey (Riley, 1941) was conducted from June 1938 - August 1939, generally offshore of the NOAA 
laboratory in Milford, CT. The next survey by Riley and Conover (1956) occurred between March 1952 
and March 1954. Half of the stations were visited weekly, the other half were visited bi-weekly. Vishniac 
and Riley (1961) surveyed monthly temperature and Chl a from March 1958 - April 1959 from 3 stations 
near Stony Brook, NY. Peterson (1985) also surveyed the waters near Stony Brook, monthly from March 
1982 - July 1983. 
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Fig. 1. Map showing location of historical and current surveys of the Central Basin of Long Island Sound. 
Western and Eastern Basins are also shown with the location of the long-term temperature survey in the 
Eastern Basin. 
From January 1991 to April 2010, the CT DEEP stations were typically visited monthly, except for 
summertime hypoxia surveys when a bi-weekly schedule was followed. For all surveys, surface 
measurements of Chl a, temperature and nutrients were made at least 2 m from the surface of the water 
and bottom measurements were made at most 2 m above the bottom. Pigment data, derived from High 
Performance Liquid Chromatography (HPLC) analysis by Liu and Lin (2008) was provided by the CT 
DEEP and derived from stations H4, I2 and J2. These stations span the Central Basin (depth typically 10-
20 m) from its western end (H4) to its eastern end (J2), with I2 being roughly located in the center. This 
data is only available for the period 2002 - 2008 and yielded 49 observations for summer (July - Sep) and 
43 for fall (Oct - Dec). Environmental data recorded with pigment data included Chl a, temperature, 
salinity, photosynthetically available radiation (PAR), total dissolved nitrogen and phosphate (TDN/TDP), 
dissolved oxygen and silicate. 
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Table 1. Historical and current surveys of Long Island Sound (Central Basin), along with dates of 
coverage and relevant biological, chemical and physical parameters. 
Historically, water temperatures were measured via bucket thermometer in LIS, which according 
to Nixon et al. (2004) correlate well with thermistor data (r2 =0.998). Hence it shall be assumed that the 
CTD-derived data (which uses a thermistor) provided by CT DEEP (2010) do not vary significantly from 
historical data due to methodology. NOAA Milford Lab temperature measurements over the entire archive 
span two methods. The first set of measurements from 1948 to 1974 was made from the Milford dock with 
a Bristol recording thermograph, and the 1975 - 2010 measurements were made with a seawater filtration 
system (sand filter) that supplied water directly from the harbor. To minimize potential differences from 
methodology, only the 1975 - 2010 values are examined. Central Basin temperature values for linear 
regressions were taken from stations H6 and I2 (which have the greatest time-series coverage: 1991-
2010, Fig. 2A). CT DEEP Chl a values may include more picoplankton Chl a relative to those reported by 
Riley and Conover (1956), but total Chl a values should be similar for the early spring period, and slightly 
increased for summer or fall. Both approaches use colorimetry and a standard with a known amount of 
Chl a to estimate the standing stock of Chl a. 
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Our preliminary analysis focused on Chl a concentrations, nutrient concentrations, and surface 
temperature, salinity, and light values in order to derive connections between the temporal trends in these 
parameters over interannual and seasonal timescales for the Central Basin. Seasons were defined based 
on the months used in Riley and Conover (1956) and Riley (1967). After identifying statistically significant 
trends during summer and fall, we used non-parametric models (NMDS, see further below) to analyze 
non-linear interactions between phytoplankton groups and the trends. These statistical models use spatial 
and temporal variation within fall (October, November, and December) and summer (July, August, and 
September) months during 2002 - 2008 to examine the interrelationship of biological, chemical, and 
physical variables. All the data in this paper are derived primarily from the CT DEEP survey (1991 - 2010) 
with historical context provided by the five other surveys. Formal analysis of the effects of grazer (micro 
and meso-zooplankton) communities on phytoplankton abundance was attempted, but the available 
record from CT DEEP (2002-4 and 2007-8) is insufficient for robust statistical analysis of interannual 
variation. 
 
Statistical analyses 
Due to its ability to ordinate biologically relevant definitions of compositional similarity among 
species assemblages, Non-Metric Multidimensional Scaling (NMDS) was performed in R, a free user-
supported statistical software package available at http://cran.r-project.org/bin/windows/base/. This 
allowed us to investigate the relationship between environmental gradients and phytoplankton diversity in 
the Central Basin of LIS. NMDS is often the preferred method for multivariate analysis of community 
structure (Clark and Ainsworth, 1993). NMDS ordination allows for lower dimensional representation of 
relationships between different biological samples. This ordination can then be fitted with environmental 
data to highlight correlations between the physical environment and community assemblages. An iterative 
Bray-Curtis dissimilarity ecological distance algorithm was run several times with random starts to find the 
configuration with lowest possible stress. Stress is a measure of the deviation from monotonicity (overall 
directionality) of the relationship describing the distance between the samples, the location of those 
samples in a dissimilarity matrix, and the location of the samples in the ordination (Kenkel and Orlóci, 
17 
 
1986). In our study the resulting overall stress was never >0.14 for either summer or fall, justifying the use 
of two axes. 
All regressions and NMDS analyses were performed in R version 2.11.1. Specific R subroutines 
written by the R community are named where utilized. NMDS analysis was performed using the vegan 
package for ordination, ecodist for verification that two axes were appropriate for displaying the ordination, 
and mgcv for fitting environmental data via Generalized Additive Modeling (GAM) to the final ordination. 
For linear regressions, assumptions regarding skewness, kurtosis, non-linearity, homoscedasicity, and 
linkage were confirmed in R using the Global Validation of Linear Models Assumptions (GVLMA) package. 
Unless otherwise indicated, the default level for significance was a = 0.05. The Anderson-Darling test was 
used to check for normality prior to regression and was part of the nortest package. Outliers were tested 
for with the Bonferroni outlier test included with the linear modeling car package. We used the Breusch-
Godfrey test from the linear model test (lmtest) package to check for autocorrelation in time series and 
graphical Component þ Residual and Quantile-Quantile (QQ) plots to check for nonlinearity.   
Years missing the majority of observations for a season (2 of 3 months) were dropped from 
interannual comparison. For near-surface nitrate and nitrite NO  - NO  analyses, roughly half the 
available annual time series data could not be included for this reason. Fall coverage of NO  - NO  was 
better (12 of 15 years were included) since only three months were considered (Oct, Nov, and Dec). Total 
Dissolved Nitrogen (TDN) had better sampling coverage, with only three years (1992-1993, 2006) lacking 
sufficient seasonal coverage to adequately represent annual means. Organic nitrogen trends were 
calculated by subtracting NO  - NO  and ammonia from TDN during years of overlap and adequate 
seasonal coverage. These criteria enabled 11years to be studied between 1996 and 2010. 
NMDS ordination was based on species data provided by CT DEEP in the form of relative 
abundance of phytoplankton groups based on HPLC pigment analysis (Liu and Lin, 2008). Environmental 
data was fitted to the ordination of species via Generalized Additive Modeling (GAM), following the 
methods of Sellheim et al. (2010). Community diversity based on CT DEEP pigment data from Liu and Lin 
(2008) was quantified via Simpsons Index, as in Fietz et al. (2005). Higher Simpsons Index values 
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correlate to less diversity. As a reference, the Simpsons Index for the phytoplankton community in diverse 
tropical oceanic waters (e.g. Barton et al., 2010) has been reported by Hallare et al. (2011) to be 0.11.  
 
Results 
Linear trend analyses 
Long-term temperature records from 1976 to 2010 indicate significant annual warming is 
occurring in the Central (0.03° C yr-1, p = 0.004, r2 = 0.25) and Eastern (0.04° C yr-1, p value = 0.0001, r2 = 
0.35, based on the Millstone record) Basins of Long Island Sound (Fig. 2A). The Eastern Basin rate 
matches that reported for Woods Hole, MA analyzed by Nixon et al. (2004) from 1970 to 2002. The 1948-
1974 temperature data show no significant trend over time. 
  
Fig. 2. Trends of A) increasing temperature in degrees Celsius (1975 - 2010) and B) Chl a in microgram 
per liter (1995 - 2010) compared to historical values (1930 - 1950s). The line in Fig 2A is a linear 
regression of annual temperature values from the Central Basin-located NOAA Milford Lab with an r2 of 
0.25 and p value = 0.004. The historical values are annual means. Standard deviation error bars for all 
series are based on CT DEEP 1995 - 2010 interannual variation. 
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Since 1975 annual temperatures in the Central Basin of LIS have increased, but the increase has 
not been consistent during all seasons. January showed the largest rate of temperature increase (0.05° C 
yr-1) over this period, but the overall trend for winter was not significant (p = 0.08) and highly variable (r2 = 
0.06). Summer showed the only statistically significant increase in surface temperature of all seasons (r2= 
0.28, p = 0.001), with most of the increase occurring in late summer (Sep) and early fall (Oct) (Fig. 3). 
Summer was also the only season to show a significant increase in stratification over 1991- 2010 (0.04° C 
yr-1, r2 = 0.12, p = 0.04) (data not shown).The rate of summer and October increase in temperature (0.03° 
C yr-1) also matched the annual rate of increase in temperature (Table 2) and stratification (0.03° C yr-1, p 
= 0.02, Fig. 19). Summer surface temperatures recorded by CT DEEP from stations H6 and I2 were 
significantly correlated (r2 = 0.74, p =0.001) with the NOAA Milford temperature record over their period of 
overlap (1995-2010), indicating a reasonable proxy relationship.  
 
Fig. 3. Seasonal trends of temperature in degrees Celsius (1975 - 2010) from the NOAA Milford Lab. 3yr 
means are displayed with annual values. Only summer (p-value = 0.001) has a significant increase. 
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Chl a displayed a more complex pattern (Fig. 2B), with no apparent trend over the entire time 
series of 1991-2010, but an increase toward historic values after extreme lows during the 1993-1999 
period. Historically, Chl a concentration in the Central Basin of LIS appears determined by nitrogen 
availability (Riley and Conover, 1956). Riley (1967) noted that N:P ratios for LIS were relatively low 
compared to the open ocean, implying that the system was nitrogen limited, most probably due to the 
slow regeneration of nitrogen in estuaries. Gobler et al. (2006) confirmed this observation with nutrient 
addition experiments for the Western, Central and Eastern Basins and found that the Central Basin was 
nitrogen limited, with silica-limitation possibly occurring only during spring due diatom blooms.  
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Fig. 4. Seasonal trend in Chl a (mg l-1) for the Central Basin from 1995 to 2010. Fall shows the only 
significant (a = 0.05) increase. 
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A reduction in Western LIS nitrogen loadings from municipal wastewater by several orders of 
magnitude from 197 m3 s-1 in the 1970s to 0.044 m3 s-1 by 1993 (O’Shea and Brosnan, 2000) was 
followed by extreme lows in Chl a throughout LIS that lasted until 2000 (Dam et al., 2008). After 1999, 
annual Chl a concentration in the Central Basin of LIS began increasing by 0.14 mg l-1  yr-1 through 2010 
(Table 2, Fig. 2B). However, this rate of increase was only significant at the α = 0.1 level (p = 0.065). 
While there was no trend in Chl a concentration in summer, the fall increase (0.06 mg l-1  yr-1)was 
significant (r2 = 0.43, p = 0.03, Table 2) at the standard α = 0.05 level. The rate of winter increase in Chl a 
matched the annual rate, but was more variable (r2 = 0.26, p = 0.04) than the fall rate (Table 2, Fig. 4). 
 
Table 2. Results of linear regressions for seasonal and annual temperature, Chl a, nutrients and the Chl 
a/Total Dissolved Nitrogen (TDN) ratio versus time. Also shown is the comparison of the NOAA Milford 
temperature trend compared to that of the CT DEEP measurements during summer months from 1995 to 
2010. 
Despite increasing Chl a at the annual, fall and winter scales, annual and fall nitrate and nitrite 
declined over this period. The former at the rate of - 0.003 mg l-1  yr-1 (p = 0.002), and the latter at - 0.004 
mg l-1  yr-1 (p = 0.07, Table 2). Other variables affecting Chl a: PAR, secchi depth, salinity, silicate 
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(dissolved and bioavailable) and organic nitrogen showed no trend over the available time series (1991 - 
2010) or during the period of chlorophyll increase (1999 - 2010) in surface or bottom values on an annual 
or any seasonal basis (data not shown). Because previous work has focused on the relationship between 
Chl a and TDN, (e.g. Carstensen et al., 2011), TDN was also included in this analysis. From 1991 to 2010, 
TDN declined slightly (- 0.002 yr-1), but the trend was not significant (p = 0.29). However, during 1995 - 
2010, Chl a recovered, and the ratio of Chl a to TDN increased significantly at 0.815 yr-1. (p = 0.016, 
Table 2). This increase was not simply a function of increasing Chl a and static or slightly decreasing TDN; 
Chl a and TDN appear to vary inversely after 1999, with peaks in one parameter matching lows in the 
other (data not shown). 
 
Fig. 5. NMDS plot of pigment-based phytoplankton groups from three stations (H4, I2, J2) in the Central 
Basin during July, August, and September (summer) from 2002 to 8. Final stress of the ordination was 
0.14. Chlorophytes are not shown on the basis of their rarity (<1% of the community). Temperature 
(degrees C) and Chl a (mg l-1) are shown as contour lines on the plot. The general direction of salinity 
was inversely related to that of temperature. Temperature was the most significant structuring element of 
the plot (p = 0.001) followed by salinity (p = 0.047). 
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Non-linear analyses  
NMDS plots were generated to examine the relationship between phytoplankton community 
composition and physical (salinity, PAR, temperature) and chemical (DO, dissolved silicate and carbon, 
TDN, TDP, NO , NO ) parameters during summer (July, August, September) and fall (October, 
November, and December) 2002 to 2008. The iterative ordination separated the phytoplankton groups, 
based on pigment data, into two dimensional space, revealing associations between groups which 
persisted during the season over interannual timescales. Table 3 details the mean proportion of the 
community represented by functional groups shown on the NMDS plots for fall and summer and the 
significance of all environmental variables used in the NMDS analysis. 
 
Table 3. Statistical significance of environmental variables fitted by GAM to NMDS ordination of 
phytoplankton functional groups during summer and fall 2002-8 (respectively). Also included are mean 
community percentages for the same function groups. Not shown are chlorophytes, which were dropped 
from the final plot as they were never >1.0% of the community. 
 Temperature and salinity were the only significant (p = 0.001, 0.047 respectively) structuring 
factors for the summer phytoplankton community from 2002 to 8 (Fig. 5). Salinity (not shown) increased 
moving toward the lower right corner of the plot. Chl a was not a significant structuring factor for the 
ordination of the community, but is plotted to illustrate the relationship between phytoplankton groups and 
overall phytoplankton biomass. During the summer, diatoms were associated with higher salinity than the 
rest of the community. Most flagellates and cyanobacteria were associated with higher temperatures 
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(>20.5 °C) than diatoms (20 °C). Most flagellates were also associated with higher Chl a (5 - 7 mg l-1) 
than diatoms (4 - 5 mg l-1). On average, diatoms dominated the community (27%), and were found in 
approximately 83% of summer observations (Table 3). Cryptophytes and dinoflagellates were the next 
most dominant groups (17%, 15%) on average, both appearing in all observations. Euglenophytes also 
appeared in all observations, but were less dominant, comprising 12% of the community on average. 
Cyanobacteria were also fairly well represented. They comprised 12% of the summer community on 
average, and appeared in 96% of observations. Simpsons Index of Diversity was calculated and indicated 
relatively high diversity (0.16) during the summer. 
 
Fig. 6. NMDS analysis for Fall (October, November, and December) 2002 to 2008. The same threshold 
(<1% of the community) for removal of phytoplankton groups from the final summer display is followed 
here. The final stress of the ordination was 0.04. Temperature (degrees C, solid line) and Chl a (mg l-1, 
dashed line) were both significant structuring agents (p = 0.001) and are shown as contours in this plot. 
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Temperature and Chl a were the most significant (p = 0.001) structuring factors for the fall 
phytoplankton community 2002 - 2008 (Table 3, Fig. 6). Each parameter increased in the same direction, 
toward the top of the plot. Dissolved Organic Carbon (DOC) and dissolved silicate were also significant 
structuring factors (p = 0.021, 0.026 respectively) but were an order of magnitude less significant than 
temperature and Chl a. DOC increased toward the top of the plot (the pattern followed by temperature 
and Chl a) but silicate followed the opposite pattern, increasing toward the bottom. No other parameters 
were significant at the a = 0.05 level (Table 3).  
Simpsons Index of Diversity was calculated for the fall and indicated substantially lower diversity 
(0.46) than summer. The most dominant flagellates in the fall, dinoflagellates and euglenophytes, were 
associated with higher temperatures (22 °C,16 °C) and higher Chl a (5 mg l-1 , 4 mg l-1) than diatoms 
(14 °C, 3.5 mg l-1). On average, though, diatoms dominated the community (66%), and were found in all 
observations. Cryptophytes were the next most dominant (14%) and were also found in all observations. 
Dinoflagellates comprised 6.5% of the community on average, but appeared in all but two observations. 
Euglenophytes and Prasinophytes also appeared in almost all observations (92%), but were less 
dominant, comprising 4.6% and 4.0% of the community respectively, on average. 
Interannual seasonality analysis 
Riley (1941;1967) and Vishniac and Riley (1961) observed that the largest annual Chl a peaks in 
the 1940s and 1950s (Fig. 7) were more likely to occur in early spring (February or March, 7 out of 8 
years) than in August or September (early fall). In the 1990s, the largest annual chlorophyll peaks were 
evenly divided between early spring and early fall. In the 2000s (2000 - 2010), the peaks occurred almost 
twice (7 versus. 4) as often in early fall versus early spring. Considering the entire 1995 - 2010 period, 7 
of the peaks have occurred in early spring while 9 have occurred during early fall (Fig. 7). In the 1939 and 
1952 - 1958 data, the average magnitude for early fall peaks (which were mostly secondary, data not 
shown) was 14.3 mg l-1. In the 1995 - 2010 data, peaks occurring in early fall (including years during a 
dominant early spring peak) averaged 8.4 mg l-1. The mean early spring peak size for 1995 - 2010 was 
8.89 mg l-1, a third of the magnitude of early spring peaks for 1939 and 1952 - 1958 series (25.3 mg l-1), 
despite the use of a smaller pore size filter in 1995 - 2010. 
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Fig. 7. Occurrence (by month) and magnitude (in mg l-1) of annual peak in Chl a in the Central Basin for 
each year between 1952 and 1958, 1982, and 1993 - 2010. Note that this figure highlights the largest 
peak in Chl a, but there was often a secondary peak during many years which is not shown. 
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Discussion 
Mean annual temperatures in Central and Eastern LIS have been increasing at 0.03 °C and 
0.04 °C yr-1 respectively, since the late 1960s. This trend has been reported for other mid-Atlantic coastal 
systems, such as the Chesapeake and coastal Rhode Island, but not the Central Basin of LIS. It is 
possible that some winter warming over the past 15 years in LIS was caused by the extended phase of 
positive NAO winter index (Nixon et al., 2004). However, over the long-term, the summer and early fall 
records show the most consistent warming, and cannot be easily explained by natural cyclical 
phenomena such as the NAO, which primarily affect winter temperatures (Visbeck et al., 2001). In 
addition, the NAO index was anomalously high from 1988 to 1995, but has since returned to its pre-1988 
pattern of positive-negative oscillation (Visbeck et al., 2001). Warmer surface waters are thus likely a 
persistent phenomenon in LIS. 
As evidence of this warming, annual mean surface water temperatures in the Central Basin of LIS 
from 1995 to 2010 have been 0.75 ± 0.15 °C SE warmer than the mean for 1948 – 2010 (12.0 ± 0.10 °C 
SE). In addition, during 1995 - 2010, annual Chl a has recovered to levels more typical of the 1950s. For 
coastal and offshore systems Richardson and Schoeman (2004) have predicted that productivity will 
decline with warmer temperatures in nutrient-limited systems and increase in non-nutrient limited systems 
due to temperature-associated changes in the size structure and diversity of the phytoplankton 
community. Our NMDS results indicate that during both fall and summer, temperature was the most 
significant structuring factor (p = 0.001) in the community ordination thus supporting the findings of 
Hilligsøe et al. (2011) for open ocean systems and the predictions of Richardson and Schoeman (2004) 
for coastal systems. These results suggest nutrients can remain essentially static, or slightly decline, but 
small temperature changes can maintain Chl a levels and have a more pronounced effect on the 
estuarine phytoplankton community. 
Comparison of the timing of the largest annual peaks in Chl a concentration from the 1940s, 
1950s, 1990s and 2000s suggests a relatively recent decrease in the magnitude of early spring peaks 
and an increase in the frequency of large fall Chl a peaks. Riley (1967) noted, and it remains the 
canonical model, that the largest annual bloom in LIS is an early spring bloom that almost always occurs 
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between late January and early March. Analysis of primary and secondary peaks in the 1939 and 1952 -
1958 data supports this observation. Early spring blooms during this period were roughly double (1.8 
times) those of early fall blooms, and early spring peaks dominated the record (7 of 8 annual peaks were 
early spring). In the 1995 - 2010 series however, the magnitude of early spring peaks (mean 8.9 mg l-1) 
were not significantly different (p = 0.825) from that of early fall peaks (mean 8.4 mg l-1) and the peaks 
had an almost equal chance of dominating the annual Chl a pattern. Greater retention of small-cell Chl a 
by a finer filter during CT DEEP sampling may explain some of this convergence, especially in fall, but as 
noted by Riley and Conover (1956), there was only a 6.7% difference in Chl a retention between their 2.5 
mm pore size filter and a 0.5 mm pore size filter. Furthermore, greater retention on filters cannot explain 
the greatly reduced (p = 0.04) magnitude of early spring peaks in the 1995 - 2010 CT DEEP series (8.89 
mg l-1 now compared to 25.3 mg l-1 in the past). 
Early spring Chl a blooms in LIS were driven by release from light limitation (usually from mid-
January to mid-March) and temperature (Riley and Conover, 1956; Riley, 1967). January – March 
temperatures on average are getting higher, but are extremely variable and not increasing significantly at 
the a = 0.05 threshold (r2 = 0.09, p = 0.07). Higher winter temperatures in LIS may decrease net 
productivity due to increased respiration (Riley, 1967) or possibly higher temperature-dependent grazing 
rates by overwintering copepods (Huntley and Lopez, 1992). Intermittently higher March temperatures 
could possibly account for some of the decrease in peak Chl a during these periods. Interestingly, 1995 -
2010 winter Chl a concentrations actually show a higher rate of increase (0.14 mg l-1 yr-1) than fall (0.06 
mg l-1 yr-1) but the increase is less significant and more variable (Table 1). 
Fall blooms in LIS typically occur when stratification associated with elevated summer surface 
temperatures breaks down, allowing nutrients regenerated in bottomwaters by microbial activity to mix 
with surface waters. Hence, one explanation Riley (1967) offered for large autumn blooms was increased 
regeneration of nutrients during the summer temperature peak. A convergence in the magnitude and 
frequency of annual peaks in the early fall relative to early spring in 1995 - 2010 could thus reflect 
increased regeneration of nutrients during the summer temperature peaks. These results suggest 
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understanding the impact of warming temperatures requires analysis of the seasonal period during which 
warming is most consistently occurring. 
Linear regression of survey data indicated October temperature rose significantly from 1995 to 
2010, as did Chl a, while the standing stock of NO  and NO  decreased slightly. Higher temperature and 
higher Chl a levels during fall appear to be associated with the presence of dinoflagellates and 
euglenophytes in our NMDS analysis. In summer, dinoflagellates were associated with the highest Chl a 
levels, and higher temperatures than most of the community (except cyanobacteria and 
eustigmatophytes). Summer Chl a however, showed no trend over time, possibly reflecting periodic 
inhibition of endemic dinoflagellates during summer peaks in temperature >25 °C (Nielsen and Tønseth, 
1991). During fall and summer, flagellated species may be able to take advantage of patches of higher 
nutrients below the depth of light penetration due to their motility, which may explain why they are 
associated with higher Chl a than diatoms at higher temperatures (early fall). 
In nearby Block Island Sound, the dinoflagellates Ceratium, Prorocentrum, and Peridinium (all 
also found in the Central Basin by Capriulo et al., 2002) undergo diurnal vertical migration, traveling on 
average 1.8 - 3.9 m each day (Staker and Bruno, 1980), to reach deeper, more nutrient-rich, waters. 
Other possible explanations for the recent Chl a recovery in LIS include changes in trophic dynamics (top 
down impacts) or changes in nutrient concentrations besides nitrogen (bottom up). Chen et al. (2012) 
noted recently that grazing rates by microzooplankton increase faster than phytoplankton growth at higher 
temperatures in eutrophic systems. While no data exists on microzooplankton grazing rates over the 
period of warming, we did analyze available microzooplankton abundance data from July, September, 
and November for 1976 - 77, and 1979 (Capriulo and Carpenter, 1980, 1983) versus average 
microzooplankton abundance during the same months over 2002-2007 (Dam and McManus, 2009) and 
did not find a significant difference (a = 0.05). Annual and seasonal copepod abundance from 1982 
(Peterson, 1985), 1992 - 1994 (Capriulo et al., 2002), 2002 - 2004 and 2007 - 2008 (Dam and McManus, 
2009) also shows no significant change over time. Thus we cannot comment on trophic impacts that may 
affect seasonal and annual Chl a concentration.  
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Regarding bottom-up factors, neither DOC, dissolved phosphate nor the standing stock of 
dissolved and bioavailable silicate displayed any seasonal or annual trend in the Central Basin of LIS 
during the period of Chl a increase nor the entire series (data not shown). The only significant relationship 
between nutrients and Chl a found was the ratio of Chl a to TDN, which increased significantly over time 
during the recent Chl a recovery. We do not have the required data to investigate changes in limiting 
micronutrients such as iron. 
Other estuarine areas with long-time series also show similar patterns of increasing Chl a and 
temperature, and increasing contribution to Chl a from small flagellates. In the nearby Chesapeake, 
Gallegos et al. (2010) analyzed an almost 30 year (1988 - 2005) record of environmental variables, Chl a 
levels and the phytoplankton community. They noted a long-term temperature increase at the rate of 
0.04C yr-1 over 1988 - 2005 (driven by significant, consistently warmer fall temperatures) and a significant 
increase in Chl a despite no trend in nitrate-nitrite over 1995 – 2002 (Gallegos et al., 2010). The only 
significant trend in community composition Gallegos et al. (2010) found was an increase in small (7 mm 
diameter) nanoflagellates. A similar long-term increase in nanoflagellates was also noted by Verity and 
Borkman (2010) for the Skidaway estuary over 1986e96. Since small flagellates do not preserve well, it is 
possible that their abundance has not been properly characterized in historic surveys of LIS by Riley and 
Conover (1956) or Capriulo et al. (2002) - whose method likely underrepresented small flagellates (Tester 
et al., 1995). However, in nearby New York Bay, Mahoney and McLaughlin (1977) found high abundance 
of phytoflagellates in the early 1970s, suggesting an increased contribution of small cells and flagellates 
to Chl a in LIS may reflect new environmental conditions and not absolute changes in abundance or 
proportion. 
This study indicates that the complicated impacts of climate change and eutrophication on coastal 
systems need to be examined on a seasonal, and not only annual basis. The change in the relative 
contribution and magnitude of the spring and fall blooms in Long Island Sound highlights a potential shift 
in the timing of energy availability to higher trophic levels in the system. Further, the response of the 
phytoplankton community and Chl a concentrations to shifts in temperature and other changing conditions 
can be difficult to understand without taxonomic data and modeling, both of which require long-term time 
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series. Our analysis demonstrates that temperature is both positively related to surface Chl a values and 
increasing significantly over time in LIS, consistent with regional climate change. Despite reductions in 
nitrogen loads and declining levels of nitrate-nitrite over the past 20 years, surface Chl a concentrations 
have returned to historic levels and may remain high even as temperatures increase. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
33 
 
Chapter 2: 
Impact of climate change on estuarine zooplankton: Surface water warming in Long Island Sound is 
associated with changes in copepod size and community structure  
Abstract  
 In coastal ecosystems with decades of eutrophication and other anthropogenic stressors, the 
impact of climate change on planktonic communities can be difficult to detect. A time-series of monthly 
water temperatures in the Central Basin of Long Island Sound (LIS) from the late 1940s until 2012 
indicates a warming rate of 0.03ºC yr-1.  Relative to the early 1950s there has been a concurrent 
decrease in the mean size of the dominant copepod species Acartia tonsa and Acartia hudsonica, an 
increase in the proportion of the small copepod Oithona sp., and the disappearance of the two largest-
sized copepod genera from the 1950s. These changes are consistent with predictions of the impact of 
climate change on aquatic ectotherms. This suggests that even in eutrophic systems where food is not 
limiting, a continued increase in temperature could result in a smaller-sized copepod community. Since 
copepods dominate the zooplankton, which in turn link primary producers and upper trophic levels, a 
reduction in mean size could alter foodweb connectivity:  decreasing the efficiency of trophic transfer 
between phytoplankton and endemic larval fish. 
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Introduction 
Climate change in the ocean entails multiple processes, such as temperature increases, 
acidification, and invasions by non-native species (Stachowicz et al. 2002). Understanding the effects of 
climate change on organisms, populations and communities in the ocean can thus be a fundamental 
challenge to marine ecologists. Zooplankton play a pivotal role in these communities, dominating pelagic 
food webs and linking primary producers to upper trophic levels. Zooplankton also play an important role 
in biogeochemical cycles in the ocean (Bundy et al. 2001). In addition, because zooplankton are 
ectotherms with short generation times that allow for fast response to stressors through phenotypic 
plasticity or evolutionary adpatation, they are excellent sentinels for the response of the oceanic biota to 
climate change (Dam 2013).  
The response of zooplankton to warming can be manifested at the individual, population or 
community level. A common prediction is that long-term warming will result in a general decrease in the 
size of marine ectotherms (Moore and Folt 1993; Daufresne et al. 2009; Sheridan and Bickford 2011; 
Forster et al. 2012). Daufresne et al. (2009) outline mechanisms by which size reduction can occur. At the 
population level a decrease in individual mean size can occur as juveniles mature more quickly and begin 
reproduction at smaller sizes. At the community level, two types of changes can occur: A change in 
proportion as endemic, smaller copepods become more relatively abundant, and/or a shift in diversity as 
small warm-water species are gained or larger-cool water species are lost.   
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Fig. 8A. The location of Long Island Sound in relation to the Virginian marine biogeographic zone.        
Fig. 8B. The locations of survey and time-series data referenced in this paper. CTDEEP surveys (1994-
2012) of the Central Basin are represented by alpha-numeric characters. The station used in the Rice 
survey (March 2010- September 2011) was collocated with the Deevey (1956) survey station 2, which is 
the station directly northeast of CTDEEP station H4. 
Within the marine zooplankton, copepods are the most dominant organisms, typically comprising 
between 50-80% of the community by number (Wickstead 1976). In the Atlantic coastal environment, 
copepods from three orders (calanoid, cyclopoid and harpacticoid) are critical links between primary 
producers and secondary consumers in aquatic foodwebs (Turner 1984; Johnson and Allen 2005). In 
Long Island Sound (LIS), a large, eutrophic, semi-enclosed estuary in the northern half of the Virginian 
biogeographic province (Fig. 8A, Capriulo et al. 2002; Pelletier et al. 2012), a few species of copepods 
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dominate the copepod community.  In the earliest survey of copepods in the Central Basin of LIS, Deevey 
(1956) showed that the calanoid copepod Acartia clausi (now A. hudsonica) numerically dominated the 
copepod community on an annual basis and the winter/spring assemblage in particular. During 
summer/fall the calanoid copepod Acartia tonsa and the small cyclopoid copepod Oithona sp. alternated 
dominance. During this survey, calanoid copepods outnumbered cyclopoids annually. Others have 
consistently observed the same seasonal dominance patterns in LIS (Peterson 1985; Capriulo et al. 
2002), and other systems along the northeast US Coast (Johnson and Allen 2005).   
Warming of northeast US coastal waters is becoming evident. Woods Hole, MA has experienced 
an annual warming trend of 0.04°C yr-1 over 1970-2002 (Nixon et al. 2004). Seekall and Pace (2011) 
have also found a warming trend of 0.02°C yr-1 over 1946-2007 in the Hudson River Estuary. Howell and 
Auster (2012) have found a significant (p<0.05) warming trend from 1976 to 2008 during March-June and 
August - October in the Eastern basin of LIS. In this paper, we use a much longer time-series (1948-2012) 
to show that the Central Basin of LIS has followed a similar pattern of warming, and test if changes 
observed in copepod size and community composition  are consistent with predictions of the effects of  
warming on ectotherms (Daufrasne et al. 2009).   
Methods 
Temperature 
We examined monthly surface water temperature means, for the period 1948-2012, provided by 
the National Oceanic and Atmospheric Administration (NOAA) at the Milford Laboratory, CT, (Fig. 8B) to 
establish the long-term annual trend for the onshore surface temperature of the Central Basin of LIS.  
Measurements from 1948 to 1975 were made daily by a Bristol thermograph installed at the Milford 
Harbor dock whereas measurements from 1976 to 2012 were also made daily, but with thermometer 
readings of sand-filtered harbor water pumped into the laboratory.  Examination of the trend lines during 
the 1975-76 transition between methods does not suggest a systematic error due to this methodological 
difference. More importantly, the same trends observed over 1948-2012 also exist in the 1976-2012 data. 
Daily measurements are consistently available from 1960 onward, and are used to analyze trends in the 
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number of days above or below certain temperatures. Data are available for download from the Milford 
Lab website (http://mi.nefsc.noaa.gov/pubindex.html). Bi-weekly (during summer) and monthly Central 
Basin offshore surface temperatures were recorded from 1994 to 2012 with a Conductivity Temperature 
Depth (CTD) sensor by the Connecticut Department of Energy and Environmental Protection (CTDEEP) 
at stations H2, H4, H6, and I2 (Fig. 8B). 
Time-series data can be subject to autocorrelation error and non-normal distributions, making 
analysis via ordinary least-square linear regression inappropriate. Following the method of Seekall and 
Pace (2011) for their analysis of long-term warming in the Hudson, we used a nonparametric Kendall test 
for annual temperature trend analysis. The test was run in R version 2.11.1, a free user-supported 
statistical software package available at http://cran.r-project.org/bin/windows/base/. Specific R 
subroutines written by the R community are noted in italics where used.   Outliers due to possible 
instrument error were identified with a Bonferroni test from the car package. For trend analysis, we used 
the kendall package to calculate Tau (correlation), and p-values (significance). The slope of the warming 
trend was estimated using the Theil-Sen approach in the R package zyp. The Theil-Sen estimator is a 
robust, distribution-free non-parametric method of analyzing linear trends (Sen 1968).  A Breusch-
Godfrey test for serial autocorrelation was passed for annual temperatures values, indicating these 
methods were appropriate.  
 
Fig. 9. Relevant zooplankton surveys occurring in the Central Basin of LIS, 1952-2011, including mesh 
size of plankton nets and inclusive dates. 
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Zooplankton Surveys 
In order to establish historical context for analysis of copepod size and community composition 
percentages, previous interannual surveys of the Central Basin (Fig. 8B, Fig. 9) were obtained from 
archival and published sources. Although the surveys varied somewhat in intensity, scope, and specific 
location, they provide the only baseline data to compare to current trends.  The earliest surveys of 
copepod size, diversity, and community proportion were reported by Conover (1956) and Deevey (1956), 
and took place from March 1952 to May 1953 (Fig. 9). Surveys sampled four stations equally divided 
between onshore and offshore in the Central Basin of LIS (Fig. 8B). Both surveys visited two of the four 
stations every week, whereas the other two were visited on alternate weeks. This resulted in 12 
observations per month, or 192 observations in total. Zooplankton tows were oblique and conducted with 
a single opening 153µm mesh net via Clarke-Bumpus sampler.  
The next survey was conducted across LIS, with one station in the Central Basin, also with 
oblique tows, but using a 202µm mesh net (Capriulo et al. 2002). This station was near an inshore 
Deevey (1956) station next to the NOAA Milford laboratory (Fig. 8B) and was visited monthly, totaling 35 
observations. The Connecticut Department of Energy and Environmental Protection (CTDEEP) performed 
the most recent large-scale survey of zooplankton (divided into three periods: August 2002 to October 
2004, March 2007 to April 2008, and January to November 2011), with 2002-4 and 2007-8 results 
analyzed in Dam and McManus (2009). The CTDEEP survey also used oblique tows, with a 202µm mesh 
net, from two stations within the Central Basin, H4 and I2 (Fig. 8B).  In the CTDEEP survey, with the 
exception of summer and hypoxia surveys, H4 and I2 were visited once per month (during summer they 
were visited twice per month). The CTDEEP survey contains 93 observations. Sampling intensity varied 
throughout these surveys, but the number of total observations is comparable. The Deevey (1956) survey 
was roughly twice as intensive as CTDEEP, but roughly half as extensive (16 months versus 29 months). 
Conover (1956), Deevey (1956), Capriulo et al. (2002) and CTDEEP preserved samples in 10% formalin.  
As noted above, the latter two surveys collected zooplankton samples with a 202µm mesh while 
the early survey (Deevey 1956) used a smaller mesh (153µm). Hopcroft et al. (2001) found that in 
temperate regions a 200µm mesh net samples the 550-1600µm size range most effectively. For 
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copepods <550µm, Harris et al. (2000), report that at tow speeds >1m s-1 a 153µm net is four times as 
effective as a 202µm mesh net at capturing copepods with a width less than or equal to 150µm. Thus, 
these three surveys may not provide the same information regarding zooplankton abundance and 
community composition. Specifically, since small cyclopoids (such as Oithona sp.) are more likely than 
larger calanoids to have a width less than 150µm and have an overall length less than 550µm, their 
proportional abundance was likely underestimated by Capriulo et al. (2002) and the CTDEEP copepod 
survey. In order to provide a valid comparison of copepod community to the 1950s survey, we collected 
samples (Rice survey, Fig. 9) with the same size mesh, at the same locations, and in the same manner 
as the Deevey (1956) and Conover (1956) surveys of copepods of the Central Basin of LIS.  
The Rice survey samples were collected from March 2010 to November 2011 at the CTDEEP 
Central Basin stations, (H2, H4, H6 and I2) and also at Station 2 from the Deevey (1956) and Conover 
(1956) surveys. This station is northeast of H4 (Fig. 8B). We conducted vertical tows with a single-
opening 150µm mesh net from the CTDEEP R/V John Dempsey and Patricia Lynn as well as the NOAA 
R/V Victor Loosanoff. Two to three stations (from those above) were visited during each monthly or bi-
weekly (during summer) trip, for 41 observations. The end result is that there are 169 total observations 
represented by the three most recent surveys (CTDEEP, Capriulo et al. (2002) and the Rice survey).  
During the Rice survey, the contents of the net were rinsed with on-site water into a 10 L 
container, passing through a 2mm sieve. The resulting contents were gently stirred, and subsamples 
were drawn with a 50ml pipette until 500ml was collected. Sub-samples were preserved in 5% Lugols 
iodide, kept in coolers in the field, and transferred to a 10°C incubator upon return.  These sub-samples 
were enumerated by transferring known volumes to a petri dish and counting all copepods present in the 
petri dish. Final abundance was estimated by accounting for the aliquot size. Between 100-150 copepods 
were generally present and counted per sub-sample. This range is similar to that used by Capriulo et al. 
(2002) for their analysis of the copepod community of the Central Basin. For comparison of our Rice 
survey monthly means in copepod proportion with Deevey (1956) monthly means, we averaged the data 
from all of our Central Basin stations. The counting error in community percentage was estimated from 
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Harris et al. (2000), CL95 (%) = ± 2(100/√n) for each monthly or bi-weekly (during summer) survey and 
yielded a counting error of 9.3-20%.   
Taxonomic identification 
Enumeration and identification of the 150µm-mesh copepod samples from the Rice Survey were 
carried out via dissecting microscope within one year of collection, the recommended timeframe for 
identification of samples preserved in Lugols (Harris et al. 2000). Line drawings and key taxonomic 
features identified in Johnson and Allen (2005) were used to guide identification.  Positive identification of 
A. tonsa versus A. hudsonica species during the Rice survey was carried out using the recommendation 
of Conover (1956) for rapid identification of large numbers of Acartia sp. Relative lengths of outermost 
caudal bristles were examined and copepods with the longer bristles (more fan-like) were determined to 
be A. tonsa.  Since there are significant gender differences in length, for later size measurements, Acartia 
sp. females were confirmed by antenna length and orientation, after the recommendations of Sabatini 
(1990).  
Annual and monthly proportional abundance of the most dominant cyclopoid copepod (Oithona 
sp.) was also analyzed. Cyclopoids are the smaller of the two dominant orders of copepods in LIS 
(Deevey 1956).  With the exception of Paracalanus crassiostris, endemic calanoids are generally twice as 
long as the most prevalent endemic cyclopoid, Oithona sp.. The criteria for identifying Oithona sp. in LIS 
were adapted from Johnson and Allen (2005): size (adults <550µm), short antenna, articulation behind 
the fourth thoracic segment and a prosome wider than the urosome.  
Copepod Sizing 
Prosome length of adult female A. tonsa and A. hudsonica were reported by Conover (1956). 
These lengths provide the baseline against which 2010-11 data on prosome lengths for the same 
congeners were compared. Conover (1956) did not report individual male sizes, hence in our analysis of 
long-term differences in size between Acartia sp. from 1952-53 and 2010-11, we also examined only 
mature adult females.  Seasonal temperature effects were minimized by examining the 1952-53 and 
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2010-11 size distributions during the same months of each year (August, September, and November for 
A. tonsa and March and May for A. hudsonica).  
Conover (1956) measured Acartia sp. size using an ocular micrometer from samples preserved in 
buffered formalin within 2-4 years of collection.  We made our Acartia sp. size measurements within the 
same time frame and using the same method from buffered formalin-preserved samples. These samples 
were collected by CTDEEP at the same locations and times as our Rice survey. Preservation in formalin 
may result in a 20% reduction in mass, and likely size, for the copepod A. tonsa (Omori 2007). We have 
assumed preservation biases are equivalent, and that we can compare sizes of Acartia sp. between 
those measured by Conover (1956) and those more recently collected by CTDEEP. Reported prosome 
lengths of Acartia collected by Deevey (1956) and measured by Conover (1956) were converted from 
graphical to numerical format using the shareware program Datathief© - which allowed scanned images 
to be converted into numeric format after applying the appropriate scales. 
Diversity Analysis 
Calanoid genus-richness was chosen as a standard for testing the hypothesis that there would be 
a shift towards smaller genera at the community level (Daufresne et al. (2009)). We specifically focused 
on calanoids since the only cyclopoid genus in LIS named by Deevey (1956) was Oithona sp. and it was 
consistently found in all surveys. Deevey (1956) also referred to a category of “other cyclopoids” in the 
1952-53 species list, making it difficult to conclusively quantify change in cyclopoid-richness. Other 
researchers on the effect of climate change on marine invertebrate diversity have used richness along 
with more robust measures (Margalef’s Index, Shannon’s Index, and Eveness) that we cannot calculate 
(since abundance for non-major genera was not provided by Deevey, 1956), and they achieved similar 
results among all methods (e.g. Danovaro et al. 2004).  In addition, since 1980, the endemic calanoid 
Paracalanus crassiostris was renamed Parvocalanus crassiostris (Johnson and Allen 2005). Since this 
would mistakenly add a genus relative to the 1950s, for comparative analysis, we have considered 
Paracalanus crassiostris equivalent to Parvocalanus crassiostris. 
 
42 
 
Statistics 
Bayesian credible intervals were used to establish whether there were significant differences in 
the size of Acartia sp. and the community percentage of Oithona sp. between 1952-53 and 2010-11. 
Since a flat prior was chosen, our credible intervals can be essentially interpreted as frequentist 95% 
confidence intervals. Bayesian credible intervals do not require a normal distribution (Balazs and 
Chaloupka 2004), and are ideal for analyzing relatively smaller datasets and/or analyzing plankton time-
series (Boyce et al., 2010). Credible intervals were calculated using the quantile method within the 
laplacesdemon package in R. An observation was considered significantly different if it fell outside the 
credible interval.  
We chose the largest sources of variation from all prior surveys as the basis of our credible 
intervals. This minimized the chances of finding a significant difference where none actually exists. For 
Acartia sp. mean prosome length, interannual variation was the greater source of variation than spatial 
variation, and was thus used as the basis for all credible intervals. For Oithona sp. community percentage, 
spatial variation among stations in the Rice survey was larger than interannual variation from 1952-3, 
1992-5, 2002-4, 2007-8, and 2010-11. Spatial variation in the 2010-11 Rice survey was thus chosen as 
the basis for our comparison with the 1952-3 data (Deevey 1956) for Oithona sp. community percentage.  
Results 
Temperature 
 From 1948 to 2012, average annual surface water temperatures increased in the Central Basin of 
LIS from roughly 11oC to almost 13oC (Fig. 10A).  The best-fit line yielded a rate of increase of 0.03°C yr-1 
(τ = 0.49, p <<0.01, Fig. 10A). Surface temperature values for the offshore stations in the Central Basin of  
LIS  surveyed by Deevey (1956), and  reported by Riley et al. (1956) were generally distributed below the 
monthly surface temperature mean  values measured during the 1994-2012 CT DEEP surveys in that 
area (Fig. 10B).  During late spring to mid-summer, 78% of the observations were below the 1994-2012 
mean. This pattern re-occurs in late fall (November-December), with all observations below the mean and 
six observations significantly (α=0.05) cooler. From winter to mid-spring (January-May), however, values 
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appeared evenly distributed above and below the mean.  Warming was also apparent in the number of 
summer days with surface water temperatures > 21°C. The latest (2001-2010) decade had significantly 
(p<<0.05) more days > 21°C relative to the earliest decade of measurements in which daily temperatures 
were reported consistently (1960-69, data not shown).   
 
Fig. 10A. Inshore Central Basin trend of temperature over 1948-2012. Correlation coefficient (tau) = 0.49, 
p-value <<0.01. Line shown is best-fit, slope = 0.03, intercept = -43.2. N= 63. Data from NOAA Milford 
Laboratory, http://mi.nefsc.noaa.gov/pubindex.html. Fig. 10B. 1994-2012 offshore surface temperatures 
for Central Basin stations (mean and 2SD) and values from Riley et al. (1956) for 1952-54. 
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Size of Acartia tonsa and Acartia hudsonica   
During the months when A. tonsa dominated the copepod community (August, September and 
November), A. tonsa showed a significant reduction in mean individual size from 1952-3 to 2010-11 (Fig. 
11A). The Bayesian credible interval for interannual size differences was 42.7µm; therefore, any size 
differences exceeding this interval could be considered a significant difference at the α=0.05 threshold. 
The mean prosome lengths of A. tonsa in August 2010 (873 ± 4.0µm) and August 2011 (872 ± 5.4µm) 
were 50.5 µm and 51.5 µm smaller, respectively, than the length in August 1952.  A. tonsa in September 
2010 (841 ± 7.5µm) was almost 100µm smaller than A. tonsa in September 1952. In November 2010, A. 
tonsa measured 935 ± 5.8µm, 77.0µm smaller than A. tonsa in November 1952.  
 
Fig. 11A. Box and whisker plot of mean prosome lengths (µm) of A. tonsa in August, September, and 
November 1952, 2010, and 2011. The thick, center line in each box is the median, the upper and lower 
solid lines of the box represent the first and third quartiles, dashed lines represent the range, and open 
circles are outliers. Fig. 11B. Box and whisker plot of A. hudsonica mean prosome lengths (µm) in March 
and May 1952, 2010, and 2011. Median, quartiles, range, and outliers symbols from Fig. 11A are used.  
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During months when A. hudsonica dominated the community (March, May), there was a 
reduction in the mean individual size of A. hudsonica, but the reduction was not always significant (Fig. 
11B). A. hudsonica in March 2010 and 2011 was significantly smaller than A. hudsonica in March 1952 by 
43.8µm and 56.9µm, respectively.  A. hudsonica prosome length in March 1953 was not significantly 
different from mean prosome length in March 2010 and 2011 (size differences were only 22.0µm and 
35.2µm).  May 1952 and May 2010 A. hudsonica lengths were nearly identical (777 ± 4.84 µm versus. 
772 ± 3.83µm respectively).  
Percentage of Oithona sp. in Copepod Community 
Monthly Oithona sp. percentages throughout most of the Rice survey in 2010-11 were greater 
than those reported by Deevey (1956) in her 1953-4 survey. During March 2010, July 2010 and July 2011 
(Fig. 12), the percentage of Oithona sp. in the copepod community exceeded the 95% Bayesian credible 
interval, indicating a significant increase in the relative abundance of Oithona during those months. In 
March 2010, Oithona sp. comprised 27.4% of the copepod community. This is well above the credible 
interval, counting error, and range of values from March 1952 and March 1953. In contrast, in March 2011 
Oithona sp. declined to 11.0% of the community. This was still greater than Oithona sp. percentage in 
March 1952 (<1.0%) and March 1953 (5.5%), but within the credible interval for that month. In July 2010, 
the percentage of Oithona sp. ranged from 12.0 to 62.0% (mean 42.0%) at our Central Basin stations. In 
July 2011, Oithona sp. community percentage was 53.6% (Fig. 12). Both July 2010 and 2011 
percentages were well above the credible interval calculated for July 1952-53.  
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Fig. 12. Mean monthly percentage of Oithona sp. within the copepod community during the 2010 and 
2011 Rice survey and the 1952-3 Deevey (1956) survey. Dotted error bars are 95% Bayesian credible 
intervals for 2010 and 2011, and solid error bars indicate the range of values for their respective month 
(maximum and minimum) for 1952 and 1953. There are no error bars for values for April, May, or June in 
1952 and 1953 because the percentage of Oithona sp. was always near zero during those months. 
During May 2010, November 2010 and 2011, and October 2011 the Oithona sp. percentages 
from the 1952-53 survey were larger than Oithona sp. percentages from the Rice survey, but within the 
Bayesian credible intervals for those months, thus not significantly different.  In 2010 and 2011, the 
primary peak in Oithona sp. community percentage occurred in November (59.6%, 55.1%, respectively), 
but was accompanied both years with secondary peak values in July of similar magnitudes (51.2%, 
55.1%). In the 1950s, the single peak in Oithona’s community percentage was in November. 
Calanoid Genus-Richness 
The 2010-11 survey of calanoid diversity by Rice (Table 4) matched results of the pooled 2002-4 
and 2007-8 CTDEEP survey data reported by Dam and McManus (2009). The contemporary surveys all 
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report 10 genera of calanoid copepods: Acartia, Calanus, Centropages, Eurytemora, Labidocera, 
Paracalanus, Pseudocalanus, Pseudodiaptomus, Temora, and Tortanus (Dam and McManus, 2009). The 
only genera which were present in the 1952-53 survey, but did not appear in any of the contemporary 
(1993+) surveys were the two largest-sized genera, Metridia and Candacia.  These genera appeared in at 
least one station during 5 months of the 1952-53 survey (Deevey 1956).  Metridia was found in November 
1952 and April 1953, Candacia in November and December 1952, as well as June 1953. All other genera 
(including those that appeared even less frequently than either Metridia or Candacia in 1952-53) were 
recorded in either the 2002-4 or 2007-8 survey, or both.  
 
Table 4. Annual Calanoid Genus-Richness reported for the Central Basin of LIS. Differences in mesh size, 
dates, and number of genera reported are noted. 
 Discussion 
In the present study we found clear evidence of a steady warming of the Central Basin of LIS for 
the last five decades. Along with this warming, we observed reductions in body size in the dominant 
copepod species during the winter-spring (Acartia hudsonica) and summer-fall (Acartia tonsa), an 
increase in the relative proportion of the small copepod Oithona and the disappearance of the two largest-
sized copepod genera, Candacia and Metridia. These changes are consistent with predictions of global 
warming on ecotherms (Daufresne et al. 2009).    
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Surface water temperatures have warmed at a rate of 0.03°C yr-1 from 1948 to 2012 in the 
Central Basin of LIS (Fig. 10A). This rate is similar to what has been reported for nearby systems:  0.04°C 
yr-1 for the period 1970-2002 (Nixon et al. 2004) and 0.02°C yr-1 for the period 1946-2007 in the Hudson 
River Estuary (Seekal and Pace 2011).  Although there appear to be inter-seasonal differences in this 
rate of warming in LIS (data not shown), these differences were not statistically significant. Mean surface 
temperatures values for 1994-2012 in the Central Basin of LIS, however, appeared consistently higher 
than the 1952-4 measurements only from June to December (Fig. 10B). This result is also consistent with 
the changes in nearby Woods Hole (MA), where the observed warming primarily occurred from June to 
August and from December to February (Nixon et al. 2004).   
It has been argued that global warming selects for smaller organisms in aquatic systems (Moore 
and Folt 1993; Daufresne et al. 2009; Sheridan and Bickfords 2011). For non-food limited aquatic 
ectotherms, greater respiratory demands at higher temperatures are a possible mechanism for size 
reduction (Moore and Folt 1993, Sheridan and Bickfords 2011). Shifts towards smaller primary prey 
organisms, however, cannot be ruled out (Daufresne et al. 2009), and likely exacerbate the impact of 
increased energy loss due to higher respiration rates.    
During late summer and fall, the dominant copepod species, A. tonsa, was significantly smaller in 
2010-2011 than it was in 1952-3. Likewise, the dominant species during winter-spring, A. hudsonica, 
appeared to be smaller in 2010-2011 than during winter in the 1950s, but not during spring (when it 
normally reaches maximum proportion of the community). This difference could reflect greater variation in 
the spring warming trend relative to summer and fall. Comparison of temperatures recorded by CTDEEP 
during 2010-11 and the Deevey (1956) survey during the months we examined Acartia sp. for size 
differences highlight this possibility. Surface temperatures during each month  in which we saw significant 
size differences in A. tonsa (August, September and November) were also 1.4 - 2.5°C warmer relative to 
1952, a significant (Student’s t-test, α = 0.05) increase. During months that we did not see a significant 
change in the size of A. hudsonica (March and May), temperatures were not significantly different (p=0.87 
and 0.72, respectively).   
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Higher temperatures affect copepod size via the Temperature Size Rule (TSR), which states that 
an increase in temperature decreases development time and final adult size (Huntley and Lopez 1992; 
Daufresne et al. 2009; Forster et al. 2012). Although growth rate and development rate (progressing from 
stage to stage) in copepods are both sensitive to temperature, development rate increases faster relative 
to growth rate, thus adult stage is reached before the largest potential size is achieved (Forster and Hirst 
2012).   
A variety of other factors have also been demonstrated to affect copepod size, including food 
availability and season.  A primary food source for Acartia sp. in a Long Island coastal embayment is 
microzooplankton (Lonsdale et al. 1996). Unfortunately no data exist on abundance of microzooplankton 
in LIS during 1952-53; furthermore, we did not measure microzooplankton during our survey. 
Microzooplankton in eutrophic systems may increase in abundance in response to increasing surface 
water temperatures (Chen et al. 2012).  In addition, a comparison of chlorophyll concentration from 1952-
53 (Riley and Conover 1956) and during recent surveys by the CT DEEP indicates that phytoplankton 
abundance has not decreased with warming.  That is, during the months when we saw the largest 
reduction in size of Acartia tonsa, September 1952 (4.74 µg l-l) versus. 2010 (3.13 µg l-l) and November 
1952 (3.32 µg l-l) verss. 2011 (3.10 µg l-l), chlorophyll concentrations were not significantly different.  In 
conclusion, it is not readily apparent that food was any more limiting to copepods during 2010-2011 
relative to 1952-53.  
A seasonal decrease in copepod body size from winter into summer has been previously reported 
(Conover, 1956; Deevey, 1960; Evans 1981; Dam and Peterson 1991; Durbin et al. 1992; Viitasalo et al. 
1995). This seasonal decrease in body size appears to be related to the increase in temperature, 
although some change may be related to a decrease in food availability as the year progresses (see 
discussion in Dam and Peterson 1991). There is also some evidence that the seasonal changes in 
Acartia tonsa size from summer to fall may not be related to temperature (Durbin et al. 1983; Dam et al. 
1994). In order to control for the effect of season on copepod size, we only compared the lengths of 
Acartia sp. during the same months in 1952-3 versus. 2010-11 and found significant interannual 
differences. 
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Interannual variation in body size for seasonal congeners such as A. tonsa and A. hudsonica in 
an estuarine system has not yet been previously reported. Our results indicate that interannual decreases 
in Acartia sp. body size were more consistently linked to interannual increases in temperature than 
changes in food availability. This suggests consistent, long-term warming conditions could lead to 
consistently smaller copepods via the physiologically-based TSR, and could apply to other systems 
undergoing warming.  
In the present study, the cyclopoid Oithona sp. (a summer-fall species) increased in annual 
percentage of the community from 21.3% (± 4.9) in 1952 to 32.6% (± 4.9) in 2010-11.  Deevey (1956) 
noted that Oithona sp. had such low numbers in winter that it was not worth reporting.  However, we 
found Oithona sp. to be a significant member of the late winter and early summer community in recent 
years (Fig.12). In 1953, Oithona sp. did not increase in proportion until August, when it reached 28% of 
the copepod community (Deevey, 1956).  In our survey this increase occurred in July, but was not 
sustained. Oithona sp. declined in August 2010 and 2011 to levels that were higher relative to 1952, but 
within the credible interval.  
Some of the increase in relative abundance of Oithona sp. can be explained by its small size and 
feeding ecology. In nearby coastal Massachusetts, Oithona similis grazes heavily on ciliates and 
heterotrophic dinoflagellates (microzooplankton) during the summer (Nakamura and Turner 1997). Rice 
and Stewart (2013) found that flagellates and small cells were associated with warmer summer and fall 
temperatures in the Central Basin of LIS. This suggests that the increase in Oithona sp. community 
percentage may reflect their ability to graze on and preference for flagellates and smaller prey that thrive 
under warmer conditions.    
We also observed changes in calanoid community diversity that conform to predictions of the 
impact of climate change on aquatic systems. Daufresne et al. (2009) projected that large ectotherms 
would be lost from systems as they exceed thermal tolerances. The largest calanoid copepods reported 
by Deevey (1956), Metridia lucens and Candacia armata, did not appear in any of the modern surveys, 
contributing to a possible reduction in the average copepod size within the community. No specific data 
could be found on temperature thresholds for Metridia and Candacia, but Kane (2003) notes that during 
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summer in the Mid-Atlantic Bight, Metridia tends to concentrate off the shelf in cooler waters.  Candacia 
armata is also a more neritic species, but other than occurring preferentially over the shelf break, it is 
relatively cosmopolitan in Mid-Atlantic waters (Beaugrand et al. 2002). Since other neritic, smaller, rarer 
genera (such as the harpacticoids, Microsetella and Clytemnestra), appear to have been retained in the 
system since 1953 (Dam and McManus 2009), the larger size of Candacia and Metridia is their most 
distinguishing characteristic.   
Alternative explanations for a local loss of species that prefer the shelf break as opposed to an 
estuary would be a reduction in salinity and/or dissolved oxygen concentrations.  Kimmel et al. (2006) 
found that interannual variations in freshwater discharge to the Chesapeake during spring altered salinity 
and contributed to interannual variations in the size spectra of zooplankton biomass.  Long-term changes 
in freshwater inputs were thus investigated as a possible variable in LIS as well. Summer (July-
September) river discharge for the Connecticut River (the source of 70% of LIS freshwater) was highly 
variable over the 1991-2009 period but displayed a significant increase over time (r2 =0.22, p=0.025) at 
the rate of 10081 l s-1 per year. Average summer discharge during 1950-60 was 164351 l s-1  (+/- 852 SE), 
significantly lower (Students t-test, p=0.039) than the summer discharge during 2000-2009 of 252700 l s-1 
(+/-1493 SE). However, unlike the results of Kimmel et al. (2006) for the Chesapeake, surface and bottom 
salinity during the summer and fall of the Capriulo et al. (2002) surveys and CTDEEP surveys were not 
significantly different from salinity during the Deevey (1956) survey (data not shown). 
Surface dissolved oxygen does appears to be different, with surface values significantly (α=0.05) 
higher during the last decade relative to values reported by (Riley et al. (1956) for 1952-54. Bottom 
dissolved oxygen is also higher in the CTDEEP record, except during summer (data not shown).  Since 
both of these changes could be expected to favor larger copepods relative to smaller ones (which would 
have a lower oxygen demand), they are not consistent with our observations.    
Another possible explanation for community changes could be a change in nutrients. Interannual 
trends in eutrophication in several lakes were related to mesozooplankton community changes (Pinto-
Coelho 1998).  Moreover, eutrophication in estuaries has been shown to stimulate abundance of 
microzooplankton and decrease the proportion of mesozooplankton (Park and Marshall 2000).  In 
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contrast, in a mesozooplankton survey of Japanese brackish water systems, Uye et al. (2000) found that 
decades of eutrophication (40y) resulted in increased copepod biomass, but no change in community 
structure. Within the mesozooplankton of LIS, Capriulo et al. (2002) found no significant difference in 
community structure between the more nutrient-rich Western Basin and the less nutrient-rich Central 
Basin of LIS. We made the same comparison during the Rice survey, and also found no significant 
difference in terms of community proportion of Oithona sp. (data not shown). Our results thus suggest 
that the observed changes in community structure and size may be more related to temperature 
differences than to eutrophication. 
All of the above-mentioned changes – a decrease in size of the most dominant copepod genus, 
an increase in the proportion of the one of the smallest copepod genus, and a loss of the largest copepod 
genera – fit the predictions of Daufresne et al. (2009) for the impact of climate change on an aquatic 
ecosystem. If temperatures continue to rise, Acartia sp. may be smaller, Oithona sp. may increase its 
abundance relative to other species and more cool-water larger calanoid species may be lost as they 
exceed thermal tolerances during more frequent, warmer days. A general decrease in mean size for 
copepods in LIS, and potentially other eutrophic coastal systems, is thus possible. Since commercial 
larval fish such as Atlantic herring (e.g. Clupea harenyus) have been demonstrated to select prey on the 
basis of both type and size (Checkley 1984), a shift in the community towards dominance by smaller 
species could disrupt the traditional predator-prey dynamics between larval fish and their primary 
copepod prey.  This in turn could lead to ecological changes that would affect community structure and 
ecosystem function such as secondary production and nutrient cycling.  
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Chapter 3: 
Warmer summers in Long Island Sound are associated with a shift in copepod phenology 
Abstract 
The seasonal pattern of copepod abundance in Long Island Sound (LIS) has changed since 
zooplankton surveys of the 1930s. Between 1939 and 1985, peaks in copepod abundance occurred in 
spring and summer and were similar in magnitude, while surveys between 1992 and 2012 displayed a 
peak in abundance only in the spring. Since 1992, LIS summer temperatures have increased at a rate of 
0.05°C y-1. In nearby coastal systems that have also experienced regional climate-induced warming, it 
has been suggested that increased spring ctenophore abundance controlled springtime and summertime 
zooplankton populations. In LIS, 11 years of ctenophore biomass surveys have shown near-zero values 
for spring biomass and inter-annual modeling indicated temperature was not a significant factor in 
summer ctenophore biomass or copepod abundance. To determine if reduced summer copepod 
abundance could be due to higher ctenophore grazing rates in warmer water, we conducted temperature-
grazing experiments. Our results indicated an 8.3°C increase in temperature increased ctenophore 
clearance rate of copepods four-fold.  We calculated the estimated reduction in summer copepod 
abundance from this temperature-increased clearance rate and found it could not account for the 
observed reduction in summer copepod abundance. Other factors such as a loss of winter-spring 
copepods during early summer, increased grazing on copepod naupliiar, shifts in food quality and 
increased warm-water fish abundance may be needed to explain the decline in summer copepod 
abundance. 
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Introduction 
In aquatic communities, zooplankton can respond very quickly to climate change (Richardson, 
2008). The intensity of the response to climate change can also vary greatly between trophic levels 
(Edward and Richardson, 2004). If zooplankton populations have different responses to warming, or 
experience different rates of warming due to their seasonal patterns of abundance, long-term increases in 
temperature can induce alterations to seasonally-based predator-prey relationships and change 
ecosystem community structure (Oviatt 2004; Costello et al. 2006).  Seasonal decoupling between trophic 
levels can result and reduce the efficiency of nutrient and biomass transfer to higher trophic levels within 
the ecosystem  (Edwards and Richardson, 2004, Faeth et al., 2005). 
One aquatic system undergoing a long-term warming trend is Long Island Sound (LIS). LIS is a 
large, semi-enclosed, partially mixed estuary in the US Northeast coastal region (Fig. 13A, Williams, 
1981). LIS has been warming since 1975 (Rice and Stewart, 2013). Regional warming of surface waters 
at the rate of 0.03-0.04°C yr-1 has also been reported for Massachusetts Bay (Nixon et al., 2002) (Fig. 
13B, Lewis and Needall, 1987) and Narragansett Bay (Sullivan et al., 2001). In Narragansett bay, Oviatt 
(2004) observed large scale changes to the ecosystem related to warming – several cold-water species 
disappeared and peak abundance of primary producers (the phytoplankton) was diminished during winter 
and spring. 
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Fig. 13A. LIS locations and survey stations referenced in this article. Base map is from Williams (1981). 
The Central Basin extends from 73°10’ (Bridgeport) to roughly 72°35’ (The mouth of the Connecticut 
River). Fig. 13B. Location of the Central basin of LIS (shaded box) in relation to US Northeast coastal 
systems referenced in this article.  Narragansett Bay is between Rhode Island and Massachusetts. Base 
map is from Lewis and Needall (1987). 
In coastal and marine systems, a key link between primary producers and higher trophic levels 
are the zooplankton (Wickstead, 1976). The zooplankton are numerically dominated by copepods, which 
are microcrustaceans that graze upon phytoplankton, microzooplankton and juveniles (nauplii) of their 
own species as well as nauplii of other copepod species (Turner, 2004). Copepods dominate the gut 
contents of larval cod, haddock, and anchovy, and thus serve as an important link in aquatic foodwebs 
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from phytoplankton and microzooplankton to larval fish (Turner, 1984). In Atlantic coastal systems of the 
northeastern US, copepod abundance historically peaks in spring and summer, with summer abundance 
equaling or exceeding that in the spring (Kremer, 1994). 
A key predator of copepods during summer is Mnemiopsis leidyi, a lobate ctenophore. M. leidyi is 
hermaphroditic, tolerant of a wide range of environmental conditions, and able to feed on a large size 
range of particles and organisms (Purcell et al., 2001). Field estimates of M. leidyi predation can be quite 
variable.  Kremer (1979) found that ctenophores could typically remove only 10.0-11.0% of daily copepod 
abundance during summer. Thus ctenophore populations were believed to be unable to control copepod 
populations by grazing alone, since the rate of copepod production was an order of magnitude higher 
(Purcell et al., 1994). Purcell et al. (2005) later found M. leidyi grazing impact can increase to 45.0% of 
the copepod community per day, but only during years in which cnidarian predators of M. leidyi are 
absent. The climatic variables that appeared to increase M. leidyi grazing impact on copepods were low 
salinity (which reduces cnidarian abundance) and higher spring temperatures (which allows tighter 
coupling between ctenophore and copepod populations) (Sullivan et al., 2001, Oviatt, 2004).  
In the Central Basin of LIS, Deevey (1956) noted the gelatinous zooplankton community was 
mainly comprised of M. leidyi and the cnidarians Aurelia Aurelia and Chrysaora quinquecirrha. Deevey 
(1956) also noted that M. leidyi abundance was significant during late summer (September), and 
speculated that the influx of ctenophores was the cause of a rapid decline in summer copepod 
abundance. Unfortunately, while seasonal observations were noted, no quantitative estimates of 
abundance or biomass were made during the 1950s. 
A few decades later, Carlson (1978) conducted an onshore survey of LIS Central Basin 
zooplankton and noted M. leidyi was present during July and September (no August data was given) (Fig. 
13A). Capriulo et al. (2002) surveyed the Central Basin of LIS from June 1992 to September 1995 and 
found that M. leidyi could be highly abundant in summer. Capriulo et al. (2002) also observed a large 
decrease in summer copepod abundance relative to the Deevey (1956) survey and speculated M. leidyi 
could have been the cause of the change in seasonal abundance.  
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In Narragansett Bay (Fig. 13B), large changes in copepod seasonal abundance patterns have 
occurred following shifts in the phenology of M. leidyi. Sullivan et al. (2001) have reported that a 2.0°C 
increase in spring temperatures caused a shift in M. leidyi appearance from summer (July in the 1950s 
and 1970s) to spring (May-June in the 1980s and 1990s). Oviatt (2004) also noted a shift in M. leidyi peak 
abundance from late summer to spring. This shift to earlier appearance and greater spring abundance 
increased the overlap between ctenophores and copepods, and drastically reduced summer and spring 
copepod populations (Costello et al. 2006, Beaulieu et al., 2013). The same pattern – increased 
abundance of M. leidyi with warmer spring temperatures - has also been observed for the York River 
estuary of Chesapeake Bay by Steinberg and Condon (2009). However, field estimates of M. leidyi 
reduction of summer copepod populations can vary from 0.3% to 58.7% d-1, and other factors such as 
copepod egg production rate and predation on ctenophores can mitigate the impact of of M. leidyi 
predation (Purcell et al., 2001). 
Since 1976 surface temperatures in the Central Basin of LIS have increased (Rice and Stewart, 
2013), with a warming trend 0.05°C y-1 (p=0.01) beginning in 1992. For this reason we have chosen to 
investigate whether a long-term increase in temperature has potentially increased the impact of 
ctenophore grazing and whether this increase has reduced copepod populations. To accomplish this we 
examine data on copepod abundance from surveys before and after the warming trend, and model 
results of inter-annual copepod abundance and ctenophore biomass. We also analyze the results of an 
experiment on temperature and the clearance rate of copepods by ctenophores.   
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Methods 
Surveys 
To establish an historical context for analysis of copepod and ctenophore abundance, previous 
surveys of the Central Basin (Fig. 13A) were obtained from archival and published sources. Although the 
surveys varied somewhat in parameters, intensity, scope, and specific location, they provide the only 
baseline data for analysis of current trends. The surveys can be divided into three classes: those that 
used (1) a 202 µm mesh, (2) a 150-158 µm mesh net, and (3) a 119 µm mesh net. Since the focus of this 
article is changes in phenology and not absolute abundance, we have normalized monthly survey data by 
each survey’s annual mean number of copepods to compare seasonal and monthly proportions over time. 
The earliest zooplankton survey was a monthly 119µm mesh inshore sample obtained by Riley (1941) 
over 1938-39 from Milford Harbor and Welch’s Point, CT (Fig. 13A). Samples were preserved in buffered 
formalin (concentration unreported) and adult copepods enumerated from total zooplankton.  No data on 
ctenophores were given. 
Deevey (1956) conducted the next survey from March 1952 to June 1953 as part of the Riley et al. 
(1956) survey of the chemical, physical and biological parameters of the Central Basin of LIS, and used a 
158 µm mesh net. Two of the four stations were visited every week, while the other two were visited on 
alternate weeks. This resulted in 12 observations per month, or 192 observations. Stations were evenly 
divided between onshore and offshore. Zooplankton tows were oblique and conducted with a 158 µm and 
366 µm mesh net using a Clarke-Bumpus sampler.  The copepod samples were preserved in buffered 
formalin, but no information was available on concentration or buffering agent (Deevey, 1956). 
Ctenophore abundance was not quantified. 
The next survey of the Central Basin, by Carlson (1978), was conducted at the tidal inlet to Flax 
Pond (Fig. 13A) near Stony Brook, NY, during incoming tide. This survey focused on biomass (dry weight) 
of zooplankton however, so no abundance data were available.  Preservation information was also not 
given. Copepods were not specifically enumerated, Carlson (1978) only reports the biomass of all 
microcrustacean zooplankton. Within LIS copepods typically represent ~90% of zooplankton (Deevey, 
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1956; Capriulo et al., 2002). Deevey (1956) also reported zooplankton biomass (wet-weight) and noted it 
had a similar phenology to zooplankton abundance over 1952-4 (data not shown). 
Peterson (1985) recorded copepod abundance during weekly cruises from March 1982 to July 
1983 at two open-water stations and a shore station in the Western and Central Basins of LIS (Fig. 13A). 
Peterson (1985) used a 202 µm mesh net, hauled vertically from bottom to surface, for copepod collection.  
No data is given on preservation methods, but copepods were identified to species and life stage from 
subsamples. Ctenophores were not sampled or identified. 
The next survey, reported by Capriulo et al., (2002), was conducted from June 1992 to 
September 1995 across LIS, with one station in the Central Basin, with oblique tows, and also using a 
202µm mesh net. This station was collocated with the Deevey (1956) station near the NOAA Milford 
laboratory (Fig. 13A) and was visited monthly, totaling 26 observations. Capriulo et al. (2002) 
mesozooplankton samples were preserved with 10% buffered formalin. Capriulo noted, but did not 
quantify ctenophores. 
 Most recently, the Connecticut Department of Energy and Environmental Protection (CTDEEP) 
has conducted a large-scale survey of meso and microzooplankton from August 2002 to October 2004, 
March 2007 to April 2008, and January to December 2012. All samples were preserved in 5% buffered 
formalin.  Results prior to 2012 have been analyzed and reported by Dam and McManus (2009), Data 
from 2012 has yet to be published. Mesozooplankton were collected with oblique tows of a 202µm mesh 
net, from two stations within the Central Basin, H4 and I2 (Fig. 13A). Except during summer (when 
stations were visited bi-weekly), these stations were visited once per month for a total of 117 observations.  
Microzooplankton samples for stations H4 and I2 were pooled from surface, mid-depth, and bottom 
Niskin-samples and preserved in Lugols (concentration not given) (Dam and McManus, 2009). 
Ctenophore wet-weight biomass was measured in-situ with a volumetric flask from gelatinous 
zooplankton retained by the 202µm mesh net tows.  This is a larger mesh than is recommended for 
ctenophore collection (Raskoff et al., 2003), hence it is likely ctenophore biomass is underestimated 
throughout the year. 
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For this study, we collectedctenophore samples in two phases.  A preliminary July 2009-July 
2010 survey was performed from Central Basin docks at Mattituck and Stony Brook Harbor with a 150um 
mesh net, during which counts of ctenophores and classification by size were made after collection. From 
March 2010 to November 2011 the second phase was completed with CTDEEP from the available 
Central Basin stations, (H2, H4, H6 and I2) (Fig. 13A) and in addition, Station 2 from Deevey (1956) 
(located northeast of H4). During this phase we also collected copepod samples at Station S2. Our 2010- 
2011 survey visited 2-3 stations (from those above) during each monthly trip, for 41 observations. Vertical 
tows with the same 150µm mesh net were conducted from the CTDEEP R/V John Dempsey and Patricia 
Lynn as well as the NOAA R/V Victor Loosanoff.   
Sub-sampling and preservation for later analysis was performed immediately after collection: the 
contents of the net were rinsed with on-site water into a 10 L container, passing through a 2 mm sieve. In 
both phases of our sampling, ctenophores were counted by re-suspending gelatinous zooplankton 
separated from copepods by a 2 mm sieve, separating out cnidarians and either directly counting all 
completely intact ctenophores by gently passing the sieve through their container, or on-site subsampling 
when abundance was high. For the copepods, the contents of a10 L container were gently stirred, and 
subsamples were drawn with a 50ml pipette until 500ml was collected.  We then added a 5% Lugols 
iodide preservative for later analysis in accordance with recommendations by Harris et al. (2000). 500ml 
sub-samples were kept in coolers while in the field, and transferred to a 10°C incubator upon return to the 
laboratory.  
Enumeration and identification of copepod samples was carried out via dissecting microscope 
within one year of collection, the recommended timeframe for identification of samples preserved in 
Lugol’s (Harris et al., 2000). Line drawings and key taxonomic features identified in Johnson and Allen 
(2005) were used to guide identification of adult copepods.  To ensure standardized counting effort, 
between 100-150 copepods were counted in each survey. This is similar to the range counted by 
Capriuolo et al. (2002) for their analysis of the copepod community. 
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Statistics and Modeling 
We investigated factors influencing summer copepod abundance and ctenophore biomass with 
linear multiple regression modeling of summer CT DEEP data for 2002-2008. As Graham (2003) notes, 
multiple regression analysis is often used by ecologists to investigate the impact of various environmental 
and physical factors on organismal, population, and community ecology. In linear multiple regression 
analysis, a linear model predicts the response of the biological community (such as copepod abundance 
or ctenophore biomass) as a weighted sum of the fewest possible explanatory variables plus random 
error (Graham, 2003). For our models of summer copepod abundance and ctenophore biomass, we 
chose a time range that allowed us to include microzooplankton abundance and biomass (not available 
for 2012), surface temperature, chlorophyll, salinity and dissolved oxygen as potential explanatory 
variables in the models. For copepod abundance, M. leidyi biomass was included as variable, and for M. 
leidyi biomass, copepod abundance was included as a variable. M. leidyi biomass was log+1 transformed, 
as is commonly done prior to linear regression modeling of highly variable ecological data (Mascaro et al. 
2011).  
Normalized copepod abundance from the 2002-4, 2007-8 and 2012 CT DEEP survey data was 
used to generate error bars for analysis of changes in monthly proportion of copepod abundance.  
November and December 2004 and January, February, and April 2007 were missing, so we used 
November and December from 2002 and January, February, and April from 2008 to get a year of data 
(respectively). This did not alter the decrease from June peak abundance to summer, so we then 
calculated a monthly average for the year and divided each monthly abundance value by the monthly 
average to get proportional abundance.  
All statistical tests and analysis were run in R, version 2.11.1. For linear multiple regression 
models, skewness, kurtosis, non-linearity, homoscedasicity, and linkage were tested using the Global 
Validation of Linear Models Assumptions package in R.  Stepwise Akaike Information Criteria (AIC) 
analysis was used to identify unnecessary variables, which were removed from the model prior to further 
analysis.  A Bonferroni test in the car package was used to check for outliers. Collinearity was tested for 
with the variance inflation factor test. We checked for autocorrelation with a Breusch-Godfrey test from 
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the lmtest package and nonlinearity with Component+Residual and Quantile-Quantile (QQ) plots.  To 
determine if a decrease in proportional abundance was significant, we calculated Bayesian credible 
intervals from the resulting time series using the laplacesdemon package. Bayesian credible intervals 
were calculated with a flat prior and the quantile method. Credible intervals do not require a normal 
distribution (Balazs and Chaloupka 2004), and are ideal for analyzing plankton time-series (Boyce et al., 
2010). To analyze the results of our ctenophore-copepod grazing experiment (see below) we used a 
Kruskal-Wallis test. The Kruskal-Wallis test is a nonparametric version of one-way Analysis of Variation 
(ANOVA) and has been used by Suchy et al. (2013) in zooplankton grazing experiments. 
Experiments 
The goal of these experiments was to determine if temperature had a significant effect on grazing 
rate by ctenophores on copepods. Two temperature treatments were chosen (15°C and 23°C) to test the 
hypothesis that there would be a significant difference between treatments, and temperature would be the 
only significant factor. Ctenophores used in the experiment were collected from the East River (a tidal 
strait connecting the Upper New York Bay with Western LIS) during June 2013 (for the cooler, spring 
15°C treatment) and August 2013 (for the warmer, summer 23°C treatment). Ctenophores and copepods 
were collected during daylight with a 150µm mesh net near slack tide.  June and August surface 
temperatures were measured in situ before, during, and after collection with a digital thermometer and 
were 17.6°C (+/- 0.3°C) and 23.9°C (+/- 0.4°C) respectively. Salinity was 25.0 PSU. Since prior ambient 
temperature can affect grazing rate (Purcell, 2009), at the start of each experiment ctenophores and 
copepods were isolated for temperature acclimation at their respective treatment temperatures for 24 
hours.  All experiments were conducted within 72 hours of field collection of ctenophores and copepods. 
Temperature treatments were within 5.0°C of ambient temperature, the same range used by 
Kremer (1979). Temperature acclimation was conducted in water collected on-site, to minimize stress 
during acclimation. After 24 h elapsed, ctenophores were transferred to filtered instant ocean (FIO) at 25 
PSU for another 24 h (still at treatment temperature), to ensure complete gut evacuation. At this point we 
measured and selected small (0.9 cm to 1.5 cm long axis-length) larval M. leidiyi. Small M. leidiyi are 
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most abundant during summer and have a higher feeding rate per unit mass than larger, lobate adult M. 
leidiyi (Kremer, 1979). 
Prior to the feeding experiment, 20 temperature-acclimated adult calanoid copepods of similar 
size (700µm – 900µm prosome length) were selected per temperature treatment. Four replicates (with 
ctenophores) and one control (without ctenophores) were run per temperature treatment. The prey 
concentration (20 copepods per 500ml) was similar to the July-August 1953 mean concentration of 
copepods in LIS (22.6 individuals per 500 ml) (Deevey, 1956). Twenty copepods were concentrated via 
pipette in 20 ml cuvettes and then added to 500 ml beakers containing starved and temperature-
acclimated ctenophores. A 500ml control with only 20 copepods was also included in each temperature 
experiment. Beakers were placed in incubators at 14-15°C and 22-23°C for 17.8 - 18.2 hours and 
monitored hourly via digital thermometer for 4.0 hours to verify temperatures were within a degree of 
incubator settings.   
A light source was used to provide illumination for samples in the 23°C incubator (which unlike 
the 15°C incubator, did not have an internal light source). Two round LED (light emitting diode) lights 
were placed on opposite ends of an opaque cardboard box, with the control and 4 replicate beakers 
placed in between the LED lights.  Lights were placed on both ends to make the light source as diffuse as 
possible. This was done because Acartia have displayed phototactic behavior, swimming towards a light 
source (Stearns and Forward, 1984), and such movement may lead to higher encounter rates with M. 
leidiyi.  
At the end of each grazing period ( approximately 18 h), temperatures were re-measured and 
ctenophores were removed with a large mesh dip net.  At this point all water in the experimental beaker 
was removed in 50ml pipette increments and any copepods remaining were enumerated in counting 
chambers under a dissecting microscope (20x).  Since some unintentional variation existed in parameters 
other than number of copepods consumed and temperature (our focus), we analyzed the impact of 
variation (however slight) due to all other parameters. In addition to temperature and number of copepods 
consumed, we measured total amount of feeding time, feeding time under non-illuminated conditions, and 
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number of dead copepods to determine if they were potentially significant factors in grazing rate via a 
Kruskal-Wallis test. We ran the test using the stats package. 
Results 
Copepod Survey data 
The seasonal average of summer (July-August-September) copepod abundance exceeded or 
nearly equaled the seasonal average of spring (April-May-June) copepod abundance in 1938-1939, 1953-
1954, and 1982-1983 (Riley, 1941; Deevey, 1956; Peterson, 1985) (Table 5).  Zooplankton biomass was 
significantly correlated (r2=0.56, p<<0.01) with copepod abundance during summer and spring 1953-1954. 
Summer peaks in zooplankton biomass (1.72 ml-l and 1.62 ml-l) were larger than spring peaks (1.28 ml-l 
and 0.73 ml-l) in both years (Deevey, 1956). During the 1970s, Carlson (1978) recorded the biomass of 
Central Basin zooplankton (primarily copepods), and found summer biomass (48.5 mg m-3) nearly equal 
to spring biomass (50.0 mg m-3).  
The pattern of summer copepod abundance equaling or exceeding that of spring in the surveys 
between 1938 and 1983 appeared to reverse in the surveys between 1993 and 2012. In 1993 and 1994, 
Capriulo (2002) found spring abundance was an order of magnitude greater than summer (Table 5). CT 
DEEP found 2002/4 spring copepod abundance nearly three times summer copepod abundance in 
2002/4. Spring 2007/8 copepod abundance was almost an order of magnitude larger than summer 
copepod abundance.  These trends continued in our 2010 and 2011 surveys, and the CT DEEP 2012 
survey (Table 5). 
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Table 5. LIS Central Basin zooplankton surveys enumerated by year and mesh size, mean monthly 
copepod abundance, mean spring copepod abundance, mean summer copepod abundance and total 
annual copepod abundance.   
 
 All surveys conducted between 1938 and 1983 had at least two peaks of near or equal copepod 
abundance, generally in spring and summer (Fig. 14A). This pattern of bimodal copepod phenology was 
consistent across surveys of different mesh sizes (119 µm, 158 µm, and 202 µm).   Surveys between 
1993 and 2012 had one distinct spring peak in copepod abundance, generally between late May and 
early June (Fig. 14B). This pattern of unimodal phenology between 1993 and 2012 was evident in 
surveys of different mesh sizes (150 µm and 202 µm).  Based on the inter-annual variation in the CT 
DEEP data, the late May– early June peak in proportional copepod abundance that defined the 1993-
2012 pattern was significantly higher (p=0.05) than the 1993-2012 summer abundance.  
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Fig. 14A. Monthly copepod abundance (normalized to proportion of mean monthly abundance) for 
surveys of the Central Basin of LIS between 1938 and 1982. Fig. 14B. Monthly copepod abundance 
(normalized to proportion of annual abundance) for surveys of the Central Basin of LIS between 1993 and 
2012. Error bars (white boxes) represent 95% credible intervals. 
Linear multiple regression modeling of summer copepod abundance between 2002 and 2008 
indicated copepod abundance was negatively related to salinity and ctenophore biomass.  The model 
was significant (p=0.008) and explained 43% of the variation in summer copepod abundance from 2002-
2008 (Fig. 15A). Salinity and log+1 transformed ctenophore biomass were the only parameters retained 
after AIC stepwise regression.  Lower salinity was significantly (at α=0.05) related to higher summer 
copepod abundance. Spatial differences in salinity were greater than temporal differences on a monthly 
or annual basis, and likely explain the strong association between salinity and copepod abundance. While 
ctenophore biomass was not a significant (p=0.06) factor at the α=0.05 level, the model of summer 
copepod abundance was not significant without ctenophore biomass.  
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Fig. 15A. Observations (diamonds) and linear model predictions (squares) of copepod abundance during 
summer months (July-August-September) of 2002-2004 and 2007-2008. Fig. 15B. Observations 
(diamonds) and linear model predictions (squares) of log+1 transformed ctenophore biomass during 
summer months (July-August-September) of 2002-2004 and 2007-2008. 
The linear model of summer ctenophore biomass (Fig. 15B) between 2002 and 2008 was highly 
significant (p<<0.01) and explained 35% of the variation in log+1 transformed summer ctenophore 
biomass. Surface chlorophyll, temperature, and dissolved oxygen were removed after stepwise AIC 
analysis as redundant or meaningless variables, while copepod abundance and microzooplankton 
biomass were retained.  Both terms were similar in significance level (p=0.03 for copepods, p=0.04 for 
microzooplankton). Copepod abundance was negatively related to summer ctenophore biomass, while 
microzooplankton biomass was positively related.   
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Fig. 16. 2002-2013 inter-annual variation in ctenophore biomass recorded by CT DEEP at offshore 
stations H4 and I2. 
 
CT DEEP survey data on M. leidyi collected between 2002-2013 shows no trends in biomass on 
an annual, seasonal, or monthly basis (Fig. 16).  The lowest seasonal total for 2002-2013 ctenophore 
biomass was spring (0.70 ml m-3), followed by winter (1.03 ml m-3). The lowest monthly averages for 
ctenophore biomass were January (0.00 ml m-3) and June (0.02ml m-3).  For years in which all summer 
months were surveyed, ctenophore biomass still tended to peak in September (5 of 6 years). September 
also had the highest mean ctenophore biomass of all months (363 ml m-3 +/-114 SE), but was not 
significantly different than August.   
We surveyed ctenophore abundance with CT DEEP between 2010 and 2011 (Fig. 17) and found 
ctenophore abundance generally mirrored ctenophore biomass. Abundance was lowest in spring (0.17 
ctenophores m-3) and winter (1.43 ctenophores m-3). The main difference between biomass and 
abundance patterns was that abundance tended to peak in late July - early August (5.45 ctenophores m-3), 
a month earlier than biomass.   
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Fig. 17. Monthly and semi-weekly (during summer) observations of ctenophore abundance by Rice 
during 2010 – 2011 at offshore Central Basin CT DEEP stations H2, H4, H6, and I2.  
 
  M. leidyi grazing increased from 8.33 (+/-1.45 SE) copepods consumed at 15°C to 17.8 (+/- 1.45 
SE) copepods consumed at 23 °C (Fig. 18). The rate of copepod consumption increased from 0.47 (+/- 
0.08 SE) copepods h-1 at 15°C to 0.98 (+/- 0.05 SE) at 23 °C. Clearance rate (liters cleared of prey per 
unit time, CR) of copepods increased from 0.54 (+/-0.13 SE) l ctenophore-1 day-1 at the cooler 
temperature to 2.18 (+/-0.20 SE) l ctenophore-1 day-1 at the warmer temperature. A Kruskal-Wallis test 
indicated that temperature was the only significant factor in this difference in grazing rate (p=0.03). 
Ctenophore size, total duration of grazing window, duration of grazing under dark conditions, and number 
of dead copepods recovered were all analyzed and found to be not significant factors in grazing rate. We 
recovered 19 of 20 copepods from the 15°C control and all 20 copepods from the 23 °C control. This 
indicates the method of copepod counting and retrieval was not likely a large source of variation in the 
results. One ctenophore in the 15°C treatment was dead at the end of the experiment and that replicate 
was not included in our analysis.   
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Fig. 18. Box and whisker plot of the clearance rate (CR in l d-1) of the ctenophore Mnemiopsis leidyi at 
two experimental temperatures. The thick, center line in each box is the median, the upper and lower 
solid lines of the box are the first and third quartiles, dashed lines are the range, and open circles are 
outliers. 
 
Calculation 
To determine if it is possible that an increase in grazing rate caused by temperature increase 
could account for the decline in summer copepod abundance, we first calculated the proportional 
increase (4.04) between clearance rate at June temperatures (15°C) and late July (23°C) temperatures. 
Then we multiplied our proportional increase by a maximum calculated CR of copepods during summer 
(74.6 l ctenophore-1 day-1) from Purcell (2009). The resulting maximum possible CR at higher summer 
temperatures (301 l ctenophore-1 day-1) was then entered into the following formula from Purcell et al. 
(2001), 
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))/(ln(*))*/(( tO CCtnVC =     (Equation 1)  
where: 
V= volume of the Central Basin of LIS in liters (3.0 x 1013) 
n = maximum number of ctenophores possible in Central Basin of LIS (5.34 x 108) 
t = duration of grazing in days 
CO = 1953 mean summer concentration of copepods in Central Basin of LIS (43.2 l-1) 
CT = 2010-11 mean summer concentration of copepods in Central Basin of LIS (9.72 l-1) 
From Equation 1 we were able to calculate the time (t) required to lower the summer copepod 
concentration from observed levels in 1953 to observed levels in 2010-11.  At the highest calculated 
clearance rates from Purcell (2009) (74.6 l ctenophore-1 day-1), it would take 3.08 years of constant 
grazing by ctenophores to achieve the 2010-11 observed summer copepod abundance. At our maximum, 
temperature-enhanced clearance rate of 301 l ctenophore-1 day-1, it would still take almost a year (0.76 
years or 9.14 months) of constant grazing (without replacement or reproduction of copepods) to reduce 
summer copepod abundance to current levels. 
 
Discussion 
In this paper we have shown that the phenology of LIS copepod abundance appears to have 
shifted from spring and summer peaks in reported surveys between 1938 and 1982, to a single spring 
peak in surveys between 1993 and 2012. This shift in phenology coincided with a 0.05°C y-1 (p=0.01) 
increase in summer temperatures.  Mesh size did not appear to be a factor in the shift, since 202µm and 
150-158µm mesh nets were used in surveys before and after the shift in phenology appeared.  Inter-
annual modeling indicates that temperature is not a significant factor in summer ctenophore biomass, but 
ctenophore biomass is a factor in summer copepod abundance. For this reason, we chose to investigate 
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the possibility that higher summer temperatures could increase ctenophore grazing rate and explain the 
reduction in summer copepod abundance relative to spring copepod abundance. 
Previous research by Kremer (1979) and Purcell (2009) indicated that no significant relationship 
exists between ctenophore CR and temperature. Kremer (1979) had a range within temperature 
treatments (20-25°C versus 10-15°C) that matched the difference between treatments.  If a relationship 
did exist, it would be difficult to detect under these conditions.  Purcell (2009) pooled different sized 
containers (smaller ctenophore clearance rates drop ~56.0% if container volume is halved), and chose to 
not investigate temperature further, although the p-value for a significant relationship was relatively low 
(p=0.054). However, several aspects of ctenophore life history (egg production, digestion rates) have 
been shown to be very sensitive temperature (Kremer, 1979; Nemazie et al., 1993; Finenko et al., 2006). 
In coastal Rhode Island, significant spring warming was associated with earlier ctenophore 
appearance, and ctenophore blooms during late spring and early summer (Sullivan et al. 2001). Earlier 
ctenophore grazing was thus posited as the cause of reduced summer copepod populations (Oviatt, 
2004). In LIS temperatures have increased and summer copepod abundances also appear greatly 
reduced, but 11 years of monthly ctenophore biomass monitoring does not indicate any trends in spring 
or summer ctenophore biomass. Ctenophore biomass in LIS is consistently near-zero during June, and 
peak ctenophore biomass is still more likely to occur in September than July (Mann-Whitney test, p = 
0.03). This could reflect the fact that June temperatures during the surveys between 1938 and 1982 are 
not significantly different from June temperatures during the surveys between 1993 and 2012.  
Our experiments did indicate a significant (p=0.03) positive relationship between temperature and 
clearance rate (Fig. 18).  However, our temperature difference was much larger than the observed 
summer increase and our calculations indicated it would take over 9 months grazing at the higher 
clearance rate to eliminate the summer peak in copepod abundance. Our ctenophore abundance and CT 
DEEP ctenophore biomass data indicate that ctenophores are only abundant (5.5 – 6.1 individuals m-3 
and 38 – 237ml m-3 biomass) in LIS for 3 months (July, August, September) each year.  For comparison, 
M. leidyi abundance and biomass during years when Purcell et al. (2005) speculated M. leidyi could 
control copepod populations was 5.4 -23.4 individuals m-3 and 200 – 600 ml m-3.  These results suggest 
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increased clearance rates of ctenophores during warmer summers cannot alone explain the decline in 
summer copepod abundance.  Other factors must also be investigated. 
It is possible a larger abundance of ctenophores in LIS exists than we assumed for our 
calculation (this would shorten the grazing time required to eliminate the summer copepod peak). Since 
the maximum summer clearance rate for M. leidyi we used (74.6 l ctenophore-1 day-1), was based on 
mesocosm analysis (Purcell, 2009), it may be significantly different than the clearance rate for M. leidyi in 
LIS. Purcell (2009) noted that larger container sizes resulted in increased clearance rates, thus all 
mesocosm-derived clearance rates may underestimate actual clearance rates in the field. More recently, 
Granhag et al. (2011) have found that field-based M. leidyi clearance rates derived from gut content 
analysis suggest their clearance rates maybe four times higher than M. leidyi clearance rates based on 
lab measurements. 
It is also possible that our findings are valid and the reason increased ctenophore grazing rates 
do not explain reduced summer copepod abundance is that, unlike systems where M.leidyi grazing 
impact is more severe (Sullivan et al., 2001; Purcell et al., 2005), there are fewer ctenophores and larger 
copepod communities during summer in LIS. Sullivan et al. (2001) reported peak spring ctenophore 
densities in Narragansett Bay an order of magnitude larger (250-350 ind. m-3) than peak summer 
ctenophore densities in LIS (17 ind m-3).  Despite using a smaller mesh net (64µm), Purcell et al. (2005) 
reported summer copepod abundances during years of minimal M. leidyi abundance that were much 
lower (32,000 copepods m3) than summer copepod abundances reported by Riley (90487 ind. m-3,1941), 
Deevey (45808 ind. m-3, 1956), and Peterson (130812 ind. m-3,1985).  
To explain why the summer copepod population in LIS is lower relative to historic values requires 
investigating other factors. One possible factor in the summer copepod decline is an apparent decline in 
early summer populations of the winter-spring copepods, Acartia hudsonica and Temora longicornis. 
These species were ~50% of summer copepod abundance in 1953 (Deevey, 1956), yet CT DEEP data 
from 2002 to 2012 indicates they are now virtually non-existent during July.  This can account for a third 
of the lower summer abundance. Howell and Auster (2012) also reported increased abundance of warm 
water larval fish, which may be consuming more copepods relative to 1938-1982. Finenko et al. (2006) 
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report ctenophore grazing rates are also almost twice as high on copepod naupliar relative to adult 
copepods. Thus it is also possible the increased ctenophore grazing rate with warmer temperatures may 
have had a larger effect on younger stages of copepods. This could disrupt copepod population 
demographics during summer.  
Our linear model of 2002-2008 summer copepod abundance indicated lower salinity was 
correlated with higher copepod abundance, but 1952-4 summer surface salinity (Deevey, 1956) is not 
significantly different from 1995-2012 mean summer salinity recorded by CT DEEP (data not shown). 
Salinity during spring 1952-4 is significantly lower than 1995-2012 mean spring salinity, but this would 
most likely favor increased abundance of cnidarians during spring (Purcell et al., 2005), which would 
decrease spring ctenophore abundance. Other bottom-up shifts, such as changes in food quantity 
associated with higher summer temperatures are possible, but our model of 2002-2008 summer copepod 
abundance did not indicate a significant role of chlorophyll or microzooplankton. 
Research on copepod phenology shifts and M. leidiyi has continued to focus on the impact of 
extended seasonal presence by M. leidiyi (e.g. Beaulieu et al., 2013).  Here, we have demonstrated that 
M. leidiyi clearance rates can increase with temperature (though the temperature increase we examined 
is much larger than climate-induced regional warming since the earlier surveys), and that copepod 
abundance depends on ctenophore abundance in linear models. The increase may have only partly 
contributed to the dramatic decrease in LIS summer copepod populations, but other systems with more 
warming, less abundant summer copepod populations or greater M. leidiyi populations may see a larger 
impact. Further studies can also determine if M. leidiyi clearance rates on copepod nauplii increase even 
more strongly with temperature. Overall, our results indicate that during a period of increasing 
temperatures, top-down forces such as advancing ctenophore phenology or increased grazing rates may 
be less important than bottom-up physiological forcing due to higher temperatures. 
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Thesis Conclusion:  
In this thesis we found that surface water temperatures in the Central Basin of LIS have warmed 
at a rate of 0.03°C yr-1 from 1948 to 2012, driven by consistently warmer summers since 1993. The goal 
of this thesis was to determine if a signal of climate change (specifically long-term warming) was apparent 
in the plankton. We found that warmer summers were associated with increased biomass (as chlorophyll) 
of flagellates, reduced size of the major summer-fall copepod species, A. tonsa, and increased proportion 
of the small summer-fall copepod, Oithona sp.. We also found that relative to the earliest plankton 
surveys of LIS (Riley, 1941; Riley et al., 1956; Riley, 1967), the largest chlorophyll bloom is now more 
likely to occur in summer and fall, large calanoid copepod diversity is reduced, and summer copepod 
abundance is significantly lower. 
These changes correspond to predictions for the impact of climate change on coastal 
planktoncommunities by Richardson and Schoeman (2004) for phytoplankton, Daufresne et al. (2009) for 
copepod zooplankton size and diversity, and Oviatt (2004) for summer copepod abundance. Other 
predictions however, such as advances in the phenology of summer copepods (Edwards and Richardson, 
2004) and increased overlap of ctenophore and copepod populations (Beaulieu et al., 2013) were not 
observed in our system.  This is somewhat surprising, since Oviatt (2004) surmised reduced summer 
copepod abundance in Narragansett Bay (which we have also observed in Long Island Sound), was due 
to increased abundance of ctenophores during late spring and early summer (which we have not 
observed). 
 We did not find evidence for increasing biomass of ctenophores during spring from 2002 to 2012. 
In fact, ctenophore biomass did not appear to increase on an annual, seasonal, or monthly basis.  Further, 
multiple linear regression model of summer ctenophore biomass did not indicate temperature was a factor 
in summer ctenophore biomass. However, ctenophore biomass was a required factor in our summer 
copepod abundance model. If ctenophores were not included as a factor, the multiple linear regression 
model was no longer significant and could not explain summer copepod abundance. We also found that a 
temperature-enhanced ctenophore clearance rate of copepods could not explain the reduction in summer 
copepod abundance from levels reported in plankton surveys between 1938 and 1985 to levels reported 
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in plankton surveys between 1993 and 2012.  
There are several possible explanations for why some predictions for the impact of climate were 
validated by our observations and others were not. The prediction of Edwards and Richardson (2004) for 
advancing phenology with increasing temperature was based solely on plankton data from the 
Continuous Plankton Recorder (CPR) and variation in spring sea surface temperatures (SST) for the 
open North Sea. Excluding upwelling regions, plankton of the open ocean experience less variation in 
temperature than estuarine plankton at the same latitude (Baumann and Doherty, 2013). The sensitivity 
of open ocean plankton to long-term temperature changes may be greater than that of coastal plankton.  
In addition, the pattern of seasonal warming in LIS has been different from coastal Rhode Island. 
Oviatt (2004) attributed earlier appearance of ctenophores to spring warming. Since 1975, the only 
significant seasonal increase in temperature in LIS has been during summer. Principle Components 
Analysis (PCA) of temperature variation in LIS between 1948 and 2012 indicates that variation in long-
term summer temperature changes are more closely related to variation in long-term annual temperatures 
than any other season (Fig. 20). This is the most likely reason our LIS data does not completely fit the 
observations and predictions that held true in coastal Rhode Island.  
We also did not find an increase in the difference between maximum and minimum monthly 
temperatures (seasonality) in LIS. Warming in LIS during summer only would have led to increased 
seasonality, but the variability of the winter and spring warming trends offset this pattern. In addition, 
warming on a monthly basis since 1975 has only occurred during September (0.05°C y-1, r2=0.27, 
p=0.001) and October (0.04°C y-1, r2=0.19, p=0.007) (data not shown). A long-term temperature increase 
during these months is unlikely to increase maximum temperature. 
Long-term salinity changes could also have large-scale effects on an estuarine plankton 
community (Riley, 1967). However, we found no significant trends in salinity between 1991 and 2012. In 
addition, the only season during which Central Basin salinity in the 1950s (Riley, 1956) appeared different 
from Central Basin salinity in the 1990s and 2000s was spring (Fig. 21). Salinity observations for April 
(24.8 – 25.5 PSU), May (25.1-25.4 PSU), and June (24.8-25.4 PSU) 1952-4 were skewed below salinity 
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observations for April (26.8 ± 0.8SD), May (26.2 ± 1.0SD), and June (25.9 ± 0.8SD) 1991-2012. These 
differences between earlier and later salinity values were within 2SD of the 1991-2012 means though, 
and may reflect natural, interannual variation (Fig. 21). A significant increase in salinity during spring may 
have occurred, but more historical offshore salinity data would be needed to prove this. If an increase in 
spring salinity did occur, a lack of increased ctenophore abundance during spring could be due to 
increased abundance of schyphozoan cnidarians, which are predators of ctenophores and are more 
prevalent in higher salinity waters (Purcell and Decker, 2005).   
Since copepods are a major food source for larval fish (Turner, 1984), changes in LIS Central 
Basin larval fish abundance could also have affected summer copepod abundance.  Based on their 
feeding behavior and size, the larvae of four species in particular - Atlantic Menhaden (Brevoortia 
tyrannus), Bay Anchovy (Anchoa mitchilli), Atlantic Silversides (Menidia menidia), and Sand Lance 
(Ammodytes americanus) – have the potential to impact summer copepod populations (Wheatland, 1956). 
Sand Lance populations have been studied by Montelone and Williams (1987) in the longest survey of 
interannual variation fish larvae populations in LIS (from 1951-1983).  However, they found no consistent 
interannual trends in either abundance or phenology. Sand Lance populations in LIS consistently 
appeared to reach peak abundance during winter and spring, and were never significantly abundant 
during summer (Wheatland, 1956; Montelone and Williams, 1987.) 
The only larvae reported by Wheatland (1956) to be a consistent presence during summer 1952 
and 1953 were Bay Anchovy. July Bay Anchovy larvae abundance was 1.08 ind. m-3 and 0.68 ind. m-3 in 
1952 and 1953 and August abundances were 3.58 ind. m-3 and 0.78 ind. m-3 in 1952 and 1953. Bay 
Anchovy were also only present during summer months (July, August, and September) and October (in 
1954) (Wheatland, 1956). Dunning (2006) examined 2002 Bay Anchovy survey data for Central LIS and 
found that Bay Anchovy appeared in late May, peaked in June, and declined thereafter. Bay Anchovy 
summer populations were highest in early July (17.8 ind. m-3), but declined an order of magnitude by late 
July (0.236 - 0.627 ind. m-3). Although early July abundance of Bay Anchovy larvae appears higher 
relative to 1952-3, by late July 2002, Bay Anchovy larvae abundance was similar to 1952-3 levels.  To 
confirm whether significant changes in Bay Anchovy abundance can explain our observation of low 
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copepod abundance during all summer months (July, August, and September), more survey data on Bay 
Anchovy in LIS and an estimate of their grazing impact on copepods is needed. 
Since adult Atlantic Menhaden can employ gill rakers to feed on particles down to 7-9 um in size 
(Friedland et al., 1984), they can directly consume adult copepods and potentially reduce summer 
copepod populations. Offshore Atlantic Menhaden adult fisheries populations also historically peak in 
mid-summer, but their landings significantly declined in the mid-1960s and have remained below 1950s 
levels ever since (Sustainable Fisheries Branch (NOAA), 2013). Thus, it seems unlikely that increased 
adult Atlantic Menhaden populations can explain our finding of reduced summer copepod abundance. 
To further investigate the relationship between summer copepod populations and temperature, 
we also conducted NMDS analysis of interannual variation in summer zooplankton communities (Fig. 22), 
and found that the dominant winter-spring copepods A.hudsonica and Temora longicornis were 
negatively associated with warmer summer temperatures. Salinity was also a significant structuring factor 
in the analysis, but copepod species were grouped more by temperature association (summer-fall versus 
winter-spring) than salinity. Winter-spring copepods represented half the July copepod community in 
1953-54 (Deevey, 1956). Their decline could explain a portion of the loss of summer copepod abundance.  
To explain the rest of the decline, other factors must be investigated, such as changes to food availability 
or quality during summer.  
In the nearby Chesapeake Estuary, a 1988-2005 warming trend similar in magnitude and timing 
to the warming trend in LIS was associated with an increase in small (7µm diameter) nanoflagellates 
(Gallegos et al., 2010). Compared to planktonic ciliates offered identical food, most estuarine copepods 
feed very inefﬁciently on small phytoplankton (Capriulo & Ninivaggi, 1982). Ciliates appear to increase 
their grazing impact on small phytoplankton during warmer summers (Chen et al., 2012). Increased ciliate 
grazing rates could thus reduce the food availability for larger calanoid zooplankton and partly explain 
their reduced summer abundance. Ciliates are also grazed heavily by the small cyclopoid Oithona similis 
during summer (Nakamura and Turner, 1997). If increased grazing rates by ciliates during summer led to 
an increase in ciliate abundance, it could explain both the increased community proportion of Oithona sp. 
and the lack of an increase in summer chlorophyll levels due to diminished copepod abundance.  
79 
 
Since ciliates are also important grazers on bacteria, (Kemp, 1988; Capriulo et al. 2002), an 
increase in bacterial populations in LIS could increase ciliate abundance and also result in an increased 
proportion of Oithona. The earliest survey of bacterial density in LIS was by Altschuler and Riley (1967) 
and they found that bacterial densities in LIS varied between 1.3 x 103 ml-1 and 1.54 x 104 ml-1 but did not 
provide the specific location. Murchelano and Brown (1970) next surveyed the surface waters of the 
Central Basin of LIS from January to December 1968 and found bacterial densities in a similar range, 
from 1.2 x 103 ml-1 to 3.8 x 104 ml-1.  Ammerman and Azam (1991) and Capriulo et al. (2002) later found 
Central LIS surface water bacterial densities to be orders of magnitude higher (~106 ml-1).  However, 
Altschuler and Riley (1967) and Murchelano and Brown (1970) both used plate counts of bacterial 
colonies to estimate bacterial density, while Ammerman and Azam (1991) and Capriulo et al. (2002) 
employed the Hobbie et al.(1977) method of direct cell counts via fluorescence microscopy. Thus, the 
earlier studies were likely underestimates of bacterial density in LIS and it is difficult to tell whether 
bacterial density has increased over time. 
If bacterial density in LIS has increased, it is possible that long-term changes in trophic transfer 
efficiency have diminished the amount of energy available at higher trophic levels. Kemp et al. (2001) 
predicted this scenario by numerically modeling the response of plankton in estuarine ecosystems to 
eutrophication. They found that trophic transfer efficiency (the fraction of energy transferred from one 
trophic level to the next) initially increased with eutrophication, but markedly decreased at higher levels.  
The decrease was due to a shift to an alternative stable state.  In the new state, increasing nutrients and 
biomass limit the impact of zooplankton grazing, detritus accumulates, and as the microbial component 
expands, community respiration losses and the number of trophic links increase (Kemp et al., 2001).  
Some field evidence (Scheffer, 1991) supports this sequence of events, and our observation of 
diminished zooplankton abundance during summer and fall is consistent with this scenario. 
Another possibility is that bacterial consumption of primary production has changed over time. 
Temperature explains a large fraction (54%) of the variance in marine bacterial growth efficiency, and like 
most organisms, bacterial growth efficiency significantly decreases with increasing temperatures (Rivkin 
and Legendre, 2001). Riley (1956) calculated the percent of photosynthetically-fixed carbon lost to 
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respiration by phytoplankton, zooplankton, and benthic invertebrate larvae, but failed to distinguish 
between microzooplankton and bacteria (which together consumed on average 43.5% photosynthetic 
carbon per year). Without this baseline data, it is difficult to know if the portion of photosynthetically-fixed 
carbon lost to bacteria has significantly changed over time. 
However, since increasing temperature leads to increasing respiration for both microzooplankton 
and bacteria (Rivkin and Legendre, 2001), it is possible that the fraction of photosynthetically-fixed carbon 
lost due to community respiration has increased. If this has occurred, this may help explain the decreased 
magnitude of phytoplankton blooms during winter and spring (Riley, 1956; Riley, 1967; Rice and Stewart, 
2013) but does not explain sustained and increasing chlorophyll levels during summer and fall, 
respectively (Rice and Stewart, 2013). If ctenophores have increased in abundance or biomass during 
these seasons (relative to the 1950s), their impact at multiple trophic levels may be a factor in summer 
and fall chlorophyll levels.  
By reducing summer and fall copepod populations, ctenophores could allow for an increase in 
chlorophyll via trophic cascade (Oviatt, 2004). However, Condon et al. (2011) have found that M. leidyi 
can release significant quantities of highly labile dissolved organic matter (DOM). This ctenophore-
derived DOM was largely absorbed by bacteria, but tended to fuel bacterial respiration more often than 
bacterial growth.  This suggests that while ctenophore blooms can stimulate chlorophyll increases, they 
can also result in an expanded, but less efficient microbial loop (Condon et al., 2011). 
Observations and predictions for alterations to zooplankton and phytoplankton phenology in 
response to climate change have focused on warming during spring months (Edwards and Richardson, 
2004; Oviatt, 2004; Costello et al., 2006).  Our research shows that significant alterations to plankton 
community structure can occur without a shift in zooplankton phenology or warming during spring.  This 
suggests that understanding the causal mechanisms of long-term variation in plankton communities 
impacted by climate change requires a combination of historical data, consistent timeseries data (with as 
many relevant environmental parameters as possible), and a theoretical framework grounded in 
physiological and ecological rules. Our work also highlights the need to examine the patterns of warming 
in coastal systems on a case-by-case basis, and incorporate historical survey data where appropriate. 
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Policy Implications: 
A main finding of our research is that further copepod surveys in LIS should include tows with a 
finer mesh (<202µm). This would enable future researchers to more accurately model the population 
dynamics of small summer-fall copepods such as Oithona sp and Acartia tonsa.  Researchers using a 
smaller mesh would also be able to make more direct comparisons to historical surveys (as we have 
done), and hence gain a better understanding of long-term dynamics in the plankton in a eutrophic, 
warming estuarine system.  Additionally, if our findings of reduced copepod size and increased proportion 
of small copepods are consistent over the long-term and apply to other warming coastal systems, not 
using a smaller mesh would lead to underestimation of copepod abundance in general. This would also 
undermine the accuracy of zooplankton models of coastal systems, since a significant fraction of the 
variability would not be represented.   
Specific recommendations for future CT DEEP monitoring of LIS are as follows: 
•  Add one 150µm mesh zooplankton tow to one station in each basin.  
• To offset the extra cost and effort, eliminate redundant stations in the Western Basin.  This can 
be done by identifying with Principle Components Analysis which stations routinely cluster 
together spatially and in terms of key parameters (temperature, chlorophyll, salinity, nutrients). 
• Integrate the finfish/larval fish survey with the CT DEEP plankton survey.  These two surveys 
should visit the same stations ideally on the same day.  This would allow larval fish and finfish to 
be integrated into models with nutrients, physical factors, phytoplankton and zooplankton. 
          
Although the changes we found in the LIS plankton community have occurred during a period of 
expanding waste water treatment (1972-2012), there did not appear to be a significant change in the 
concentration of dissolved nitrate and phosphate in the Central Basin during 1992-95 (Capriulo et al., 
2002) from levels in 1952-54 (Riley and Conover, 1956). Over 1995-2010, the only significant trend in 
nutrient levels was a significant increase in the ratio of Chl a to TDN. This suggests that nutrients may 
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have been processed more efficiently by the phytoplankton community during the recent warming trend, 
and that further reductions in nutrients may not effectively reduce chlorophyll levels during summer.   
During spring and winter however, the magnitude of chlorophyll peaks appear reduced relative to 
the 1930s and 1950s. The same pattern is also apparent in monthly mean chlorophyll (Fig. 23). This may 
reflect less salinity-induced stratification during spring months, therefore preventing phytoplankton from 
being trapped in the productive euphotic layer (Fig. 21). The magnitude of these peaks is one factor in the 
extent and duration of seasonal hypoxia, a persistent aspect of the Western Basin of LIS, and a periodic 
aspect of the Central Basin (Lee and Lwiza, 2008). However, we did find that thermal stratification 
appears to be increasing in LIS.  If regional wind patterns shift in direction or magnitude, seasonal 
hypoxia could worsen as temperatures increase. These physical changes may help explain why 
expanded wastewater treatment has not resulted in any significant trend in hypoxia area or duration since 
the beginning of hypoxia surveys in 1991 (CT DEEP, 2013).  
We found that although annual mean surface dissolved oxygen levels improved in the Central 
Basin from the 1950s (Riley, 1956) to 1990s and 2000s (Fig. 24A), there was little improvement in 
summer bottom dissolved oxygen (Fig. 24B). Mean bottom dissolved oxygen in the Central Basin 
between 1995 and 2011 was 4.41 ± 1.05 ml l-1 for August and 4.78 ± 2.00 ml l-1 for September.  These 
values are not significantly different from mean bottom dissolved oxygen between 1952 and 1954 for 
August (3.70 ml l-1) and September (3.85 ml l-1). It is possible that increasing summer temperatures, low 
summer bottom dissolved oxygen, and reduced copepod abundance and size may constrain future 
improvement of LIS commercial and recreational fisheries.   
This is significant because like most estuaries, LIS has served as an important nursery for larval 
fish (Wheatland, 1956) and also once contained a thriving commercial lobster fishery (Pearce and Balcom, 
2005). More recently, Howell and Auster (2012) have found that the mean catch of warm-water finfish 
species in LIS has increased between 1984 and 2008, but the mean catch of cold-water species has 
decreased over the same timeframe.  This influx of warm-water species increased overall larval fish 
abundance from 416 per tow during the 1984 to 1998 period to 660 individuals during the 1999 to 2008 
period (Howell and Auster, 2012). While this increase has been significant over time for warm-water 
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adapted species, there appears to have been little change in total abundance or total diversity (Howell 
and Auster, 2012)  
Our zooplankton data indicate that copepod abundance and size during summer is significantly 
lower relative to earlier surveys before 1993. Since changes in the size of copepods during summer can 
negatively impact larval fish recruitment without a change in phenology (Beaugrand et al., 2005), our 
observations of a size shift in summer copepods may partly explain the lack of increase in total finfish 
abundance. A small, but consistent increase in summer temperatures was also a key factor in the lobster 
fishery collapse of 1991 (Pearce and Balcom, 2005).  If summer temperatures remain high or continue to 
increase, a recovery of the lobster fishery is unlikely.  
Finally, we found evidence that suggests a cyclopoid genera unreported by previous LIS 
researchers, Hemicyclops, may now be present in LIS (Fig. 25). If confirmed, this could also negatively 
impact recovery of shellfish fisheries, since Hemicyclops are parasitic on benthic invertebrates (Johnson 
and Allen, 2005). Since environmental conditions appear to be changing rapidly, environmental managers 
in LIS should avoid using baselines based on recent plankton data (since 1993-1995) to determine 
parameters for sustainable commercial and recreational fisheries and instead use the broader historical 
record. 
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Appendix A: 
Supplementary figures 
 
Fig. 19. Central Basin 1991-2011 annual trend in stratification (difference between annual mean surface 
and annual mean bottom temperatures). Solid line is linear regression trendline (0.03° C yr-1, p = 0.02). 
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Fig. 20. Principle Components Analysis (PCA) of 1948-2012 trends in Central Basin annual mean 
(0.03°C y-1), spring (0.03°C y-1), summer (0.02°C y-1), fall (0.04°C y-1), and winter (0.05°C y-1) temperature.  
Combined, the first two axes explain 81% of the variation, and the standard deviation of the second 
component was below 1 (0.877), indicating two axes were appropriate for analysis (Marques et al., 2007). 
 
 
 
Fig. 21. Central Basin 1952-4 bi-weekly salinity observations from Riley (1956) versus CT DEEP Central 
Basin 1991-2011 mean monthly salinity observations.  Sold line is mean for each month from CT DEEP, 
dashed line is 2SD (corresponding to 95% Confidence interval). 
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Fig. 22. NMDS ordination with fitted environmental variables for summer zooplankton community 2002-
2008.  Although entire zooplankton community was analyzed, for clarity, only copepods are shown. 
Genera in red italics are associated warmer water, genera in blue non-italics are associated with cooler 
waters (Johnson and Allen, 2005). Solid blue lines are temperature, dashed green lines are chlorophyll. 
Temperature and salinity increase from right-left, while dissolved oxygen increases left-right. 
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Fig. 23. Mean surface chlorophyll levels for Central Basin of LIS on a bi-weekly basis during 1952-4 
(Conover, S.A.M. 1956) and 1958-59 (Vishniac and Riley, 1961) versus monthly means from 1994-2011 
from CT DEEP. Error bars are shown for months with a normal distribution and represent 2SD.  
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Fig. 24A. Surface dissolved oxygen levels for Central Basin of LIS on a bi-weekly basis during 1952-4 
(Riley, 1956) versus monthly means from 1991-2010 from CT DEEP. Error bars are shown for months 
with a normal distribution and represent 2SD. Fig. 24B.  Bottom dissolved oxygen levels for Central Basin 
of LIS on a bi-weekly basis during 1952-4 (Riley, 1956) versus monthly means from 1991-2010 from CT 
DEEP. Error bars are shown for months with a normal distribution and represent 2SD 
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Fig. 25. Microscopic images of a possible new copepod genera in Central Basin of LIS. Black and white 
images on left were taken with an electron microscope and show what appears to be Hemicyclops in two 
stages of development.  Upper left and lower right images appear to be a later stage of development 
(Copepodid II or greater), while lower left appears to be an earlier stage, Copepod I.  We were unable to 
image setae formula or fine structures beyond what is shown, and relied on line drawing from Itoh and 
Nishida (1995) for our taxonomy. 
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Appendix B: 
 
Temperature-induced microbubbles within natural marine samples  
may inflate small-particle counts in a Coulter Counter 
Edward J. Rice, Caterina Panzeca, Gillian M. Stewart 
 
ABSTRACT:  
The Coulter Counter, a common instrument used to enumerate phytoplankton, may over-estimate 
counts of particles <2.5 μm in equivalent spherical diameter (ESD) by an order of magnitude when 
samples are run at temperatures cooler than ambient laboratory conditions. This phenomenon is likely 
due to microbubbles generated as a colder sample warms. Evidence for this mechanism derives from the 
observation that increasing the relative fraction of organic-rich coastal water in warming samples results 
in increased amplification of small-particle counts due to the stabilization of microbubbles. Count 
amplification can be eliminated by ensuring there is no temperature difference between the diluent and 
the sample. Failing to correct for this error confounds analysis of marine phytoplankton size spectra, 
complicating a broad range of experiments from those measuring productivity to those used to develop 
ecosystem-based models. 
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Introduction 
The observation that transient bubbles <5 μm in diameter exist in natural seawater (NSW) was 
first made by Medwin (1977), and developed by Cooke & Johnson (1981), who noted that surface films of 
colloidal organic matter stabilize these ‘microbubbles.’ The medical imaging field makes extensive use of 
stabilized microbubbles to improve ultrasound contrast, and frequently employs a Coulter Counter to 
verify their presence (Takalkar et al. 2004, Chatterjee et al. 2005, Patil et al. 2009). Warming of a solution 
containing organic compounds and surfactants has also been confirmed to generate stabilized 
microbubbles by Lundgren et al. (2006), yet the possibility of such microbubbles occurring in cold 
samples of NSW or phytoplankton as they warm rapidly while in contact with diluent in a Coulter Counter 
has not yet been addressed. Since the significant contribution of the 1−2 μm phytoplankton size class to 
photosynthesis and the flux of organic matter in oligotrophic marine systems is becoming more and more 
evident (e.g. Richardson & Jackson 2007, Lomas & Moran 2010), accurately quantifying the dynamics of 
this phytoplankton size class is critical to our understanding of marine ecosystems. 
The Coulter Counter is generally regarded by marine ecologists as a robust instrument for 
counting and sizing biotic and abiotic particles (Baretta & Malschaert 1985). Coulter Counters have been 
used to identify, count, and size phytoplankton in continuous culture experiments (Cermeño et al. 2011), 
mesocosm-enrichment experiments (Engel et al. 2008), and classical batch-culture experiments (Franklin 
et al. 2010). Particle-flux in the coastal environment (Reynolds et al. 2010) and granulometric 
characteristics of marine abiotic particles have also been measured using Coulter Counters (Sondi & 
Juracic 2010). Our experiments indicate modification of the current methodology is needed to accurately 
quantify particle size distribution in samples of different temperatures. 
The Coulter Counter uses size-calibrated interruptions across an aperture with a field of known 
voltage to count and estimate the diameter (equivalent spherical diameter, ESD) of particles passing 
through the aperture. The operating temperature range is 5 to 40°C according to the manufacturer, and 
thus the instrument should be expected to give accurate results within this temperature range. Field-
based applications of the Coulter Counter have been conducted year-round with temperature conditions 
within the reported operating parameters of the device (Mulligan & Kingsbury 1968, MacDonald & 
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Thompson 1985, Navarro & Thompson 1995). Mesocosm-based studies of particle size-spectra have 
also been conducted at a range of ambient temperatures (Li & Logan 1995). 
Previous laboratory studies of particle size and concentrations reference the temperature at 
which the samples were incubated (Hargis 1977) or obtained (Jackson et al. 1997), but rarely reference 
the temperature of the sample during analysis. Earlier papers reviewing the efficacy of the Coulter 
Counter focused on errors related to conductivity and coincidence (Edmundson 1966, Kersting 1985) and 
cell growth or breakage (Hastings et al. 1962, Baretta & Malschaert 1985). We believe the present study 
is the first to demonstrate that temperature can also be an important source of counting error, especially 
for small phytoplankton cells. In this study we demonstrate that the formation of microbubbles due to 
temperature disparities across the Coulter Counter aperture may falsely enhance counts of particles of 
<2.5 μm ESD by several orders of magnitude. This effect is strongest in NSW samples with complex 
organic matrices, and increases with the fraction of NSW relative to 0.22 μm Millipore Isopore™ 
membrane-filtered Instant Ocean® (FIO). It is recommended that researchers be aware of this 
complication when utilizing this type of instrument for picoplankton or small-particle counting. 
Materials and Methods 
All experiments described here were conducted on a Coulter Counter Multisizer™ 3 in the 
Stewart Marine Biogeochemistry Laboratory at Queens College College, City University of New York 
(CUNY). The proper functioning of the machine was confirmed by a Beckman Coulter representative 
before and after these experiments. In all experiments, a 50 μm aperture was used and calibrated with 
Beckman Coulter 5, 10, and 20 μm polystyrene beads. For all experiments, the diluent was particle-free 
FIO with salinity 35, sample volume was 100 μl, and sample flow rate across the aperture was 26.60 μl 
s−1. During experiments where cooled diluent was used, the current and gain on the instrument were re-
set following manufacturer instructions. All experiments were run with 4 to 5 replicates of each treatment.  
To verify the counting accuracy of our Coulter Counter Multisizer 3, replicate suspensions of 20 
μm polystyrene calibration beads in FIO were counted by the instrument at room temperature. From 
these results, the number of beads in 0.9 μl (the volume of a hemacytometer chamber) were calculated 
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and compared to counts under the microscope using a Neubauer hemacytometer (50× magnification). 
Replicate suspensions of beads were then counted using the hemacytometer in order to estimate the 
concentration in 100 μl (the volume of our Coulter Counter sample), and aliquots of the same solution 
were run on the Coulter Counter. Neither the hemacytometer estimate nor Coulter Counter estimates 
were significantly different from results obtained with the other method (α = 0.05; Table 1).  
Coulter Counter counts  Hemacytometer counts 
(cells/0.9ml) (cells/0.9ml) 
sample 1 8.84   8.6  
sample 2 7.62   9.2  
sample 3 10.02   11.2  
sample 4 11.26   11  
sample 5 3.03   4  
sample 6 3.39   4  
sample 7 3.36   3  
sample 8 2.83   3.33  
      
Average (+/- SD) 6.29 +/- 3.51  6.79 +/- 3.55 
         
Hemacytometer counts Coulter Counter counts  
(cells/100ml) (cells/100ml) 
sample 1 118.89   114.28  
sample 2 91.11   112.32  
sample 3 133.33   104.92  
sample 4 113.33   107.54  
sample 5 144.44   108.96  
sample 6 97.78   108.14  
      
Average (+/- SD) 111.48 +/- 20.37  109.36 +/- 3.40 
            
 
Table 1. (A) Replicate samples of 20 μm polystyrene beads suspended in 0.22 μm filtered Instant Ocean 
artificial seawater were run on the Coulter Counter at room temperature. From these results, the number 
of beads expected in 0.9 μl of sample (the volume of the Neubauer hemacytometer) were calculated. This 
concentration was verified via microscopy in the hemacytometer. (B) In the reverse experiment, replicate 
samples of beads were prepared in the same manner as before but the hemacytometer was used to 
estimate the concentration in 100 μl, and this count was confirmed on the Coulter Counter. Counts from 
the hemacytometer estimate were not significantly different from the Coulter Counter reading (p = 0.7279 
at α = 0.05) 
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Experiments were conducted to establish the influence of temperature on the Multisizer’s 
reported size spectra of particles in natural samples. Local water from Gardiner’s Bay in Long Island 
Sound (NSW of salinity 35) was filtered using a 0.22 μm Isopore filter to remove particles. To test whether 
cooler temperatures on their own or a temperature difference between the diluents and the sample 
affected size spectra, 2 sets of salinity-35 treatments (Series A and B) were prepared from a 1:10 mixture 
of 100 ml of filtered coastal water and 900 ml FIO. Since FIO contains less dissolved organic matter 
(DOM) relative to coastal seawater (Dai & Benitez-Nelson 2001), its role was to dilute DOM in a controlled 
manner. In Series A, the particle size spectra of the samples were analyzed with both the sample and 
diluent at the same temperature; counts were performed with both liquids at 20°C, then 10°C, and finally 
equilibrated back to 20°C. In Series B, the diluent remained at 20°C, while the sample began at 20°C, 
was cooled to 10°C, and finally was re-warmed to 20°C. Cooling of samples and diluents was done in a 
10°C incubator, while equilibration to room temperature was achieved outside the incubator. All 
temperatures were confirmed with a digital thermometer. 
Experiments were also performed with monocultures of small (<2 μm) cells to determine the 
degree of amplification in laboratory-cultured samples and impact on cell counts. Batch axenic 
monocultures obtained from Bigelow Marine Laboratories of Synechococcus bacillaris (CCMP 1333) (1−2 
μm cell size) were grown under sterile conditions in f/2 media prepared with FIO at a salinity of 35 
(Guillard & Ryther 1962). Cultures were maintained at a temperature of 15°C in a 14:10 h light:dark cycle. 
S. bacillaris cells were counted on the Multisizer 3 at room temperature (20°C) and after cooling in the 
incubator (10°C), while the diluent temperature remained constant (20°C) using the procedure described 
above. To determine if amplification was due to DOM, experiments were conducted with 0.22 μm filtered 
NSW and FIO, both at salinity 35.  
This approach was chosen since coastal seawater is relatively rich in DOM (Mannino & Harvey 
2000), while minimal organic matter is present in 0.22 μm FIO (Dai & Benitez-Nelson 2001). The 
Connecticut Department of Energy and Environmental Protection (CT DEEP) measures the amount of 
dissolved organic carbon (DOC) monthly in coastal water, and the typical range is 1 to 4 ppm (CT DEEP 
2010). The DOC content of the Nanopure water used to make FIO was confirmed to be below the 4 ppb 
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detection limit of a Shimadzu TOC/TON analyzer (data not shown), and hence we are confident that it 
was properly diluting the DOM in the NSW. Samples consisted of FIO alone, NSW diluted 20 times with 
FIO, NSW diluted 5 times with FIO, and undiluted NSW.  
In these experiments, 4 replicates of each water type were counted under the following 
treatments: 20°C diluent/ 20°C sample, 20°C diluent/ 10°C sample, and 20°C diluent/ 20°C sample again. 
In this and all previous experiments, control blanks of FIO were run between samples to ensure samples 
were not cross-contaminated. Control blanks never varied >10%. 
Results and Discussion 
 
Fig. 1. The average counts in the 1-2µm range from Series A and Series B of diluted natural seawater 
samples. Each series consisted of 4 replicates and counts are shown under three conditions. For Series 
A, all counts in the 1-2µm range were measured when the sample and diluents were at the same 
temperature. For Series B, there was a 10°C difference between the sample temperature and the diluents 
during this middle trial. None of the counts in Series A are significantly different from each other, whereas 
the counts in the second trial in Series B were two orders of magnitude higher than the other trials.     
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In the first experiment, a paired Student’s t-test revealed no significant difference between counts 
for any of the samples in Series A (p = 0.07, 0.45, 0.84 at α = 0.05), indicating that the elimination of the 
temperature contrast between sample and diluent eliminates amplification in 1−2 μm counts. In Series B, 
samples 10°C cooler than the diluent (at 20°C) had 1800% higher counts in the 1−2 μm range relative to 
initial 1−2 μm counts when sample and diluent were at the same temperature (20°C) (Fig. 1).  After the 
samples were equilibrated back to room temperature, average 1−2 μm counts for Series B went from 8.22 
× 104 (±664 SE) during the cooled run to 3199 particles (±234 SE), significantly lower than the initial 
mean count of 4178 (±211) 1−2 μm particles (Fig. 1; p = 0.01 at α = 0.05). These results suggest that 
amplification of the counts in the 1−2 μm particle range occurred only when the 10°C sample was in 
contact with the 20°C diluent. When cooled to 10°C below the diluent temperature, samples containing a 
suspension of Synechococcus bacillaris displayed a 2235% (±56.8 SE) increase in particle counts in the 
size range of 1−2 μm - relative to the counts in this range when the samples were run at 20°C (Fig. 2).  
 
Fig. 2. A screen capture of results from the Coulter Counter Multisizer™ 3. Particle counts for 5 replicates 
of Synechococcus bacilliarus (at 1:100 dilution from a log-phase growth culture) were measured at 20°C 
(green), 10°C (red), and 20°C again (blue) between 1 and 4 µm.  Middle lines represent means of 5 
replicates, and outer lines represent 1 standard deviation. All samples were diluted in 0.2µm FIO, and run 
under the same instrumental conditions.  The diluent supply was at room temperature throughout the 
experiment (20°C) and <1hr elapsed between measurements.  At 10°C 1-2µm counts increased 2236% 
on average above initial 20°C values, but then decreased to 350% of the initial 20°C values upon re-
warming back to 20°C, with deviations from initial counts only above 1.5µm.    
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We do not believe that all of this increase in cell counts could be due to rapid cell growth or lysis, 
since the counts decreased an order of magnitude when rewarmed to room temperature (Fig. 2). 
Furthermore, it is not likely that cooling the cultures to only 10°C would cause significant physiological 
stress to our phytoplankton cells, as Synechococcus sp. can be abundant in 2°C coastal water (Shapiro & 
Haugen 1988), and is maintained at 15°C in our lab.  
As noted by Baretta & Malschaert (1985), there are several ways counts can increase: cell 
breakage or lysis, large shifts in conductivity, and differences in conductivity within a sample. However, 
based on our results, we conclude that the lack of increased counts when the diluent and sample are 
maintained at the same temperature, and the return to initial 20°C counts when samples were re-warmed 
to room temperature, cannot be explained by these mechanisms. Instead, we propose the difference is 
due to stabilized microbubbles.  
According to Henry’s Law, solubility of gas within a liquid is partly a function of temperature; 
cooler liquids hold more dissolved gas and bubbles must form to allow dissolved gas to escape as the 
liquid warms (e.g. Wallace & Hobbs 2006). Such thermal de-gassing in warming liquids was noted by 
Taib & Sorrell (2008) as a limitation of the model LS 230 Coulter Counter, but they did not indicate the 
specific temperatures that produce the effect. Johnson & Cooke (1981) demonstrated that microbubbles 
in NSW can stabilize if organic compounds and metal ion complexes form a surface film. While their study 
did not associate these bubbles with changing temperatures, the authors noted that stabilization by films 
promotes preservation of microbubbles with diameters between 0.75 and 2.25 μm.  
Since natural coastal water can be rich in organic colloids, microbubbles formed as the cold 
organic-rich water comes into contact with warmer diluents could be stabilized by organic films derived 
from colloids (Guo et al. 1995). Furthermore, it has been found that bubbles >2 μm almost immediately 
float to the surface of a fluid, and those much smaller dissolve in a few seconds due to surface tension 
(Yount et al. 1984). Thus, smaller microbubbles are preferentially retained while bubbles >2.25 μm float 
out or collapse (Johnson & Cooke 1981), allowing for the increased counts in the <2.38 μm size range 
observed in the present study for the period of measurement (approximately 4 s) of the sample on the 
Multisizer 3 (Figs. 1 & 2). 
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Fig. 3. Four replicates of Natural Seawater (NS) were filtered with a 0.2 µm membrane filter and/or diluted 
to achieve comparable 1-2µm counts as replicates of 0.2 µm FIO. These samples and four replicates of 
0.2µm FIO were measured first at 20°C, then cooled to 10°C and re-measured. Despite similar 1-2µm 
counts at 20°C, as the fraction of NS increased, the percent amplification of 1-2µm counts at 10°C 
increased (r2 = 0.985). 
 
The experiment diluting NSW strongly suggests that the effect is due to stabilizing organic 
compounds in the matrix of the seawater. Counts in the 1−2 μm range of 0.22 μm filtered NSW run at 
10°C (with 20°C diluent) increased on average by 8183% (±1181% SE) from initial values at 20°C, while 
counts in the same size range of 0.22 μm FIO increased by only 381% (±110% SE) (Fig. 3). Counts of 
replicates of 0.2 μm filtered seawater diluted 1:5 with 0.22 μm FIO increased by 2903% (±174% SE) at 
10°C compared to counts at 20°C. Despite similar initial counts in the 1−2 μm size range when the 
sample and diluent were maintained at 20°C, there was a linear increase in counts with the fraction of 
NSW relative to artificial seawater (FIO) when there was a 10°C difference between the sample and 
diluent (r2 = 0.84, p = 0.031; Fig. 3). This suggests that amplification of counts in this small size range in 
cooled NSW may be a consequence of organic compounds stabilizing the surface of microbubbles in the 
<2.38 μm range and preventing their collapse. 
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Conclusions 
Our results demonstrate that the formation of microbubbles can occur in natural and artificial 
seawater as cooler samples are warmed. These microbubbles could appear to be exponentially growing 
picophytoplankton or fluxes of small particles. To avoid this confounding effect, when counting small 
particles (<2.38 μm) in samples of a different temperature than the diluent, the samples should be allowed 
to equilibrate to ambient temperature, or the diluent should be cooled to the same temperature as the 
sample. If these actions are not taken, researchers may misinterpret their results as biological growth or 
increased small particle presence in marine systems. This overestimation would weaken the accuracy of 
models of future phytoplankton dynamics that currently indicate that picoplankton will become 
increasingly dominant in much of the ocean as it warms in response to climate change (Falkowski & 
Oliver, 2007; Morán et al. 2009). 
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